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A theoretical  limit,  'u^/iihfs,  has  been  deduced  for  the  ex- 
change narrowed  linewidth  of  magnetic  resonance  trai^itions  in 
alkali  vapors.  Here  uu  is  the  Larmor  frequency  and  liMifs  is  the 
hyperfine  frequency  of  the  atomic  ground  state.  Experimentally 
measured  linewidths  do  not  approach  this  limit.  The  reason  for 
the  discrepancy  is  under  investigation. ^ 
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Long  range  interactions  were  found  to  exist  between  self 
focused,  spatially  separated  laser  beams  in  alkali  vapors.  These 
forces  were  shown  to  be  due  to  the  exchange  of  spin-polarized 
atoms . 

A simple  optically  pumped  device  has  been  developed  for 
visual,  real-time  display  of  contours  of  constant  magnetic  field 
in  a region  of  inhomogeneous  magnetic  field.  The  same  device 
can  be  used  as  an  unconventional  frequency  spectrum  analyzer  for 
the  radio  frequency  or  microwave  range. 

n 

Both  CS2  and  Rb2  molecules,  when  excited  by  certain  lines 
of  an  laser,  lead  to  the  formation  of  alkali  hydride  crystals 

when  hydrogen  is  mixed  with  the  alkali  vapor.  No  isotopic  selec- 
tivity could  be  demonstrated  in  the  case  of  laser  excitation  of 

•DVv/?  - 

Plasmas  in  cesium  vapor  have  been  produced  with  a 0.1 
watt  dye  laser  at  6010.5  A.  The  resonant  laser  wavelength  cor- 
responds to  the  transition  6Pw2  ^^3/2  atomic  cesium.  The 
same  laser  wavelength  produces' dramatic  oscillating  clouds  of 
cesium  hydride  crystals  when  deuterium  is  added  to  the  cesium 
vapor . 

A very  curious  reversal  of  the  polarization  of  Rayleigh 
scattered  light  has  been  observed  for  frequencies  between  the 

and  Do  resonance  lines.  These  observations  are  in  good  agree- 
ment with  theoretical  predictions  of  Placzek. 

Precise  measurements  of  P and  D state  fine  structure  in- 
tervals of  helium  have  been  completed. 

Certain  narrow  absorption  bands  of  Cs^  molecules  have 
been  shown  to  originate  from  unusually  large  internuclear  sep- 
arations. These  bands  may  be  the  first  known  examples  of  ab- 
sorption in  the  triplet  system  of  Cs2. 

Precise  measurements  of  the  hyperfine  structures  of 
highly  excited  S and  P states  of  cesium  atoms  have  been  complet- 
ed. The  first  precise  radio  frequency  spectroscopic  measure- 
ments of  fine  structure  intervals  in  the  F states  of  rubidium 
were  also  completed. 

Spectroscopic  studies  of  the  visible  absorption  bands  of 
alkali-noble  gas  excimers  have  been  completed,  and  potential 
curves  for  the  higher  lying  excimer  states  have  been  obtained 
by  analysis  of  the  data. 

A theoretical  analysis  of  the  interchange  of  angular 
momentum  between  light  and  an  anisotropic  transparent  medium  has 
been  completed.  Both  the  spin  and  the  orbital  angular  momentum 
of  the  light  are  exchanged  with  the  spin  angular  momentum  of 
the  medium. 
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Block  20  Continufd 

A CO2  laser  has  been  used  to  stimulate  the  isomerization 
of  fluorinated  dewar  benzene  to  normal  fluorinated  benzene. 

Both  progressive  and  chain-reaction  conversion  were  observed 
under  appropriate  conditions. 

Radiation  from  a CO2  laser  has  been  used  to  sensitize 
the  decomposition  of  tetramethyl-l-2-dioxetane.  Methyl  fluor- 
ide and  SFg  are  excellent  sensitizers.  The  decomposition  pro- 
ducts include  electronically  excited  states  of  acetone,  which 
fluoresce  in  the  blue  region  of  the  spectrum. 

Rate  constants  for  vibrational  energy  transfer  between 
the  various  modes  of  methyl  fluoride  and  oxygen  molecules  have 
been  deduced  from  transient  experiments  with  a CO2  laser. 
Substantial  heating  and  cooling  of  the  translational  degrees 
of  freedom  occurs  in  the  CH2F/O2  system. 

Strong  localization  of  CO2  laser  pump  energy  in  a single 
vibrational  mode  has  been  observed  in  methyl  fluoride.  Calcu- 
lations show  that  in  striking  contrast  to  heating  by  a bunsen 
burner,  heating  by  a CO2  laser  decreases  the  mean  translational 
energy,  and  greatly  enhances  the  vibrational  energy  of  a few 
selected  modes. 

Transfer  of  energy  from  electronically  excited  bromine 
atoms  Br*  into  vibrational  energy  of  carbonyl  sulfide 

OCS  has  been  observfd.  Mode  specific  energy  transfer  and  heat- 
ing were  observed. 

A comprehensive  review  article  on  electronic  to  vibra- 
tional energy  transfer  has  been  completed  and  will  be  published 
in  the  Annual  Review  of  Physical  Chemistry,  Volume  28. 

Strong  pumping  of  carbonyl  fluoride,  COP2 , by  CO2  laser 
light  has  been  observed.  Two  markedly  different  pumping  pro- 
cesses are  observed,  depending  on  the  excitation  wavelength. 

Hot  band  pumping  leads  to  a very  rapid  buildup  and  decay  of 
certain  vibrational  modes,  while  ground  state  pumping  leads  to 
much  slower  equilibration  of  vibrational  modes. 

Vibrational  energy  exchange  rates  between  various  modes 
of  pure  methyl  fluoride  gas  have  been  determined  by  using  thermal 
lensing  techniques,  laser  induced  fluorescence  and  laser-laser 
double  resonance  in  concert.  An  almost  complete  vibrational 
energy  flow  map  has  been  obtained  for  this  system. 

Photon  echo  modulation  for  various  transitions  of  Pr^^ 
in  LaF3  has  been  used  to  deduce  the  spin  hamiltonian  for  several 
states  of  Pr^"*  A nitrogen  pumped  dye  laser  was  used  for  excita- 
tion. 


Block  20  Continufd 


Improved  values  for  the  parameters  of  the  spin  hamil- 
tonian  of  Cr^"*"  in  ruby  have  been  obtained. 

Work  on  Raman  echoes  has  led  to  some  very  fruitful 
studies  of  three-wave  mixing  in  atomic  vapors.  Remarkably 
strong  coherent  radiation  due  to  E2  or  Ml  transitions  is  ob- 
served with  proper  preparation  of  a coherent  initial  state. 
Under  some  conditions  a transverse  magnetic  field  must  be 
applied  to  the  atomic  vapor  to  allow  conservation  of  angular 
momentum  in  the  mixing  process.  For  sum  frequency  generation 
in  sodium  vapor,  interference  between  the  noncollinear  direct 
amplitude  and  the  magnetically  induced  amplitude  leads  to  a 
strong  dependence  of  the  sum  frequency  intensity  on  the  sign 
of  the  transverse  field. 


Dicke  superradiance  has  been  observed  in  atomic  vapors 
of  thallium,  cesium,  rubidium,  and  sodium.  In  the  case  of 
sodium  Dicke  superradiance  was  observed  at  8133  A ~ 

and  8195  A (3P3/2  ~ 3D)  which  is  "visible"  to  many  photomul- 
tiplier tubes.  The  accessibility  of  this  superradiance  to 
photomultiplier  detection  will  make  it  possible  to  explore 
fluorescence  phenomena  all  the  way  from  conventional  weak 
fluorescence  to  strong  Dicke  superradiance. 


A microwave  spectrometer  for  ions  has  been  constructed 
and  successfully  tested.  A clever  modulation  scheme  makes  it 
possible  to  discriminate  against  spurious  signals,  so  that  the 
spectrometer  is  sensitive  to  a molecular  ion  absorption  of 
10”8  cm"^  in  the  presence  of  a glow  discharge. 


An  improved  torsion  pendulum  has  been  constructed  to 
measure,  for  the  first  time,  the  pressure  dependence  of  the 
viscosity  of  liquid  helium.  At  the  highest  frequency  of  opera- 
tion this  apparatus  will  give  direct  information  about  the 
boundary  layer  between  the  bulk  liquid  and  the  wall. 


A precise  measurement  of  the  superfluid  fraction  of 
liquid  helium  has  been  made  near  the  lambda  point  with  a tem- 
perature precision  of  2 x 10-&°K  and  a superfluid  fraction 
precision  of  3 x 10~5. 


By  varying  the  excitation  pulse  amplitude  we  have  de- 
monstrated that  instantaneous  diffusion  plays  no  role  in  the 
behavior  of  electron  spin  echoes  of  Mn'*’^  and  Er"^^  in  CaW04. 
However,  the  experimental  data  is  consistent  with  the  sudden 
jump  model  of  spectral  diffusion.  The  two  parameters  of  the 
model  were  determined  as  a function  of  temperature. 
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Laser -produced  plasma 
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Absorption  studies  of  diatomic  alkali  molecules 
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Electrcnic-to-vibrational  energy  transfer 
Raman  echoes 
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Magnetically  induced  three-wave  mixing 
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I . ATOMIC  PHYSICS 


A.  PHYSICS  OF  OPTICALLY-PUMPED  ATOMIC  VAPORS* 

(W.  Happer,  A.  C.  Tam) 

The  progress  in  this  project  during  the  past  interval  is 

described  in  the  following  subsections;  1.  Magnetic  resonance 

in  dense  alkali  vapors; 2.  interactions  between  laser  beams 

(2) 

in  an  alkali  vapor  due  to  optical  pumping;'  3.  Utilization 

of  optical  pumping  for  novel  visible  displays  of  an  inhomogeneous 

(3) 

magnetic  field  or  of  an  RF  frequency  spectrum. 

1.  Magnetic  resonance  in  dense  alkali  vapors 

For  the  past  several  years we  have  been  investi- 
gating optical  pumping  in  very  dense  alkali  vapors  with  the  hope 
that  we  would  eventually  be  able  to  use  these  systems  to  develop 
miniature,  inexpensive  optically  pumped  devices  like  magnetometers 
and  gyroscopes.  We  have  published  experimental  observations 
in  Rb  and  Cs  that  for  increasing  alkali  density,  magnetic 
resonance  linewidth  first  broadens  with  higher  alkali  density, 
reaches  a maximum  broadening,  and  then  shrinks  with  higher  alkali 
density.  Preliminary  theoretical  explanations  for  this  behavior 
of  spin-exchange  narrowing,  with  an  associated  spin-exchange 
shifting  of  the  position  of  the  magnetic  resonance  line-center, 
have  also  been  given. This  theory  predicts  that  in  spin- 
exchange  narrowing,  the  linewidth  decreases  as  the  reciprocal 
of  the  alkali  density,  and  this  is  substantiated  in  our  observa- 
tion  for  alkali  density  < 10  cm”  . However,  the  question 


1 


I 

I 


I arises  as  to  whether  there  is  any  ultimate  limit  to  exchange 

narrowing  at  very  high  alkali  density,  in  this  report,  we 
describe  some  preliminary  theoretical  and  experimental  efforts 
to  study  this  problem. 

Exchange  narrowing  occurs  because  the  spin  exchange  colli- 
sions cause  an  alkali  atom  to  jump  rapidly  between  the  atomic 
ground-state  Zeeman  multiplets  of  total  angular  momentum  F = 
a = I + 1/2  and  F = b = I - 1/2.  In  essence  it  is  the  existence 
of  a nuclear  spin  I which  leads  to  spin  exchange  narrowing  in 
the  alkali  atoms,  because  the  two  different  Zeeman  multiplets 
have  Larmor  frequencies  m and  d),  which  are  very  nearly  equal 

, and  opposite.  The  mechanism  for  spin  exchange  broadening  and 

i 

I 

• narrowing  is  illustrated  in  Figure  1.  The  atoms  precess  freely 

between  spin  exchange  collisions  in  either  the  upper  Zeeman 
multiplet,  the  intervals  labelled  A,  or  the  lower  Zeemen  multiple!, 
the  intervals  labeled  B.  The  transverse  magnetization  of  the  atoms 
is  proportional  to  the  sine  of  the  phase  angle  cp. 

Every  time  a spin  exchange  collision  occurs  the  atoms  reverse 
their  sense  of  precession  and  a break  occurs  in  the  sine  wave. 

For  slow  spin  exchange  (i)  of  Figure  1,  the  exchange  collisions 

; occur  infrequently  and  a Fourier  analysis  of  the  precessing 

magnetization  would  reveal  sharp  resonances  at  the  Larmor 

frequencies  uu  and  m,  of  the  upper  and  lower  Zeeman  multiplets. 

Si  o 

The  widths  of  the  peaks  in  case  (i)  are  proportional  to  1/T, 
the  spin  exchange  rate.  When  the  spin  exchange  rate  1/T  is 

I comparable  to  the  Larmor  precession  rates  and  the  pre- 

cessing magnetization  will  exhibit  no  sharp  resonance  frequencies, 

I as  shown  in  (ii)  of  Figure  1.  However,  when  the  spin  exchange 
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rate  is  very  much  faster  than  the  Larmor  precession  rate,  the 
atoms  will  appear  to  process  at  the  weighted  average  of  and 
(Djj  (case  (iii)  of  Figure  1)  , and  a Fourier  transform  of  the 
processing  magnetization  would  reveal  a sharp  resonance  fre- 
quency  with  a width  on  the  order  of  luu^l  T,  that  is,  a width 
which  is  inversely  proportional  to  the  spin  exchange  rate. 

The  simple  argviments  illustrated  by  Figure  1 would  imply 
that  the  linewidth  due  to  spin  exchange  collisions  would  become 
narrower  and  narrower  without  limit  as  the  spin  exchange  rate 
increased.  However,  we  believe  that  there  is  a basic  physical 
limit  to  the  spin  exchange  narrowing  which  is  due  to  the  follow- 
ing physical  phenomenon;  after  a spin  exchange  collision  it 
takes  a time  on  the  order  of  one  hyper  fine  precession  period 
(uUhfs)”^  for  the  nuclear  spin  I to  recouple  to  the  electronic 
spin  S to  form  a total  angular  momentum  F which  can  then  precess 
about  the  external  magnetic  field  at  one  of  the  Larmor  frequencies 
or  u),  . When  the  time  between  these  exchange  collisions  is 
less  than  this  recoupling  time  the  exchange  collisions 

become  less  effective  in  narrowing  the  magnetic  resonance  line. 

We  have  carried  through  some  preliminary  calculations  of  this 
effect  and  typical  results  are  shown  in  Figure  2.  The  precession 
frequencies  u)_|_  and  u)_  undergo  rapid  changes  when  the  spin 
exchange  rate  1/T  is  in  the  neighborhood  of  three  critical 


‘‘'hfs' 


frequencies,  the  Larmor  frequency Ri  « -uuj^j^the  hyperfine 

l^hf  s^ 

frequency  ^ and  the  frequency  of  decoupling  of  I and  S (-jjj ) 

The  behavior  of  the  magnetic  resonance  linewidths  1'^  and  T , 
also  exhibits  sharp  changes  at  these  critical  frequencies.  Some 

loo 

computed  values  of  (u^  and  1'^  for  Cs  are  given  in  Table  I.  Thus 
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denoted  by  .Ug  and  i respectively.  is  the 

hyper  fine  frequency  of  a Cs  atom. 


TABLE  I 

-1  133  7 

Computed  values  in  sec  of  and  for  Cs  (I  - ) 

for  magnetic  field  of  1.00  Gauss.  Larmor  frequency  uu^/H 

is  2.198^  sec“^  Gauss  and  hyper  fine  frequency  is 

5.776^^  sec~^.  All  upper-case  numbers  denote  powers  of  10. 
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exchange 
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our  theory  predicts  that  there  is  a limit  to  spin-exchange 

narrowing,  when  the  spin  exchange  rate  equals  Cs,  this 
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means  a density  ~ 10  atoms/cc. 

We  would  like  to  experimentally  observe  the  effect  of  spin- 
exchange  narrowing  at  very  high  alkali  density,  and  to  establish 
the  predicted  limit  of  spin-exchange  narrowing.  Most  of  our 
work  is  done  for  Cs,  which  has  the  highest  vapor  pressure  and 
corrodes  glass  vessels  least  compared  to  other  alkali  metals.  At 
a Cs  density  > 10  atoms/cc,  it  becomes  impossible  to  pass  the 
first  resoncince  Dj^-line  {8943A.)  through  the  Cs  vapor,  even  for 
a thin  cell  with  high  density  buffer  gas.  It  seems  that  the  best 
way  to  optically  pump  the  high  density  Cs-buf f er-gas  system  is 
to  use  a tunable  CW  dye  laser,  tuned  onto  or  near  the  second 
Dj^-line  (4593A)  or  perhaps  the  third  Dj^-line  (3889A).  Such 
dye  lasers  must  be  pumped  by  large  UV  Argon  or  Krypton 
ion  lasers,  which  we  plan  to  acquire  in  mid- 1977.  These 
higher  resonance  lines  are  absorbed  more  weakly  than  the  first- 
resonance  line  (the  oscillator  strengths  are  down  by  two  orders  of 
magnitude  or  more)  so  that  the  optical  thickness  is  less  of 
a problem.  However,  before  such  light  sources  become  available 
(in  the  coming  interval),  we  did  some  experiments  using  an 
indirect  mixture  pumping of  Cs  atoms  via  a slight  admixture 

3 

(~  10  ;1)  of  Na  atoms.  The  experimental  arrangement  is  shown 
schematically  in  Figure  3.  A circularly  polarized  dye  laser 
beam  at  5896A  is  used  to  pump  the  Na  atoms,  whose  spin  polariza- 
tion is  tightly  coupled  to  the  much  more  cdjundant  Cs  atoms  by 
spin-exchange  collisions.  Magnetic  resonance  in  the  Cs  atoms  is 
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Figure  3;  Top:  Sketch  of  the  experimental  arrangement  to  use 

"mixture  punning"  to  observe  magnetic  resonance  of  Cs 
at  densities  ~ 10l7  cm“3. 

Bottom:  Observed  full  width  Av  compared  to  the  theoret- 
ical full  width  2r+/(2n)  for  fast  spin  exchange  (see 
Eq.  18  of  Ref.  1) . 


8 


16  17 

detec'ted  for  a Cs  density  in  the  range  of  10  —10  atoms/c.c. 

The  experimentally  observed  magnetic  resonance  linewidth  Av  is 

plotted  in  Figure  3 together  with  the  theoretically  expected 

linewidth.  We  notice  that  at  lower  Cs  densities,  the  observed 

Av  follows  roughly  the  predicted  (density)"^  dependence. 

It  reaches  a minimum  linewidth  of  some  tens  of  kHz  (dependent 

16 

on  the  applied  H)  at  a Cs  density  ~ 5 x 10  atoms/c.c.,  beyond 
which  the  observed  Av  does  not  decrease  further,  but  seems  to 
increase  again  with  Cs  density.  For  this  mixture- 
pumping experiment,  exchange  narrowing  limit  seems  to  occur  at 

a Cs  density  that  is  two  orders  of  magnitude  lower  than  the 

19 

predicted  limit  of  10  atoms/c.c.  So  we  are  faced  with  two 
important  questions  concerning  exchange-narrowing: 

(a)  What  is  the  mechanism  that  overwhelms  exchange- 
narrowing in  the  mixture-pumping  experiment  at  a Cs 

17 

density  ~ 10  atoms/c.c.?  Can  it  be  due  to  impurity 

/ Q\ 

atoms  like  H2  ^ ^ ( The  severe  corrosion  of  the  glass 
envelope  by  Na  atoms  may  cause  the  release  of  a variety 

of  impurities,  particularly  H2  ) or  could  it  be  due  to 
Cs/Na  collisions? 

(b)  If  the  above  unknown  mechanism  can  be  removed  or 

greatly  reduced,  can  we  then  experimentally  observe 

19 

the  predicted  exchange-narrowing  limit  at  10 
atoms/c.c.  of  Cs? 


We  hope  to  be  able  to  give  some  answers  to  these  important 
questions  in  the  next  interval.  Our  work  will  be  facilitated  by  a 
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CW  dye  laser  which  can  operate  at  or  near  4593A,  so  that  a pure 
Cs-buffer-gas  system  can  be  optically  pumped.  The  glass  we  use 
to  fabricate  the  experimental  cells  is  Corning-1720  aluminosi- 
licate glass,  which  was  verified  by  us  to  have  excellent  resis- 
tance to  Cs-corrosion  (but  not  to  Na-corrosion)  if  it  is  initially 
outgassed  at  650°C  in  high  vacuum  (10~^  Torr)  for  about  a day.  We 
would  expect  that  the  pure  Cs-buffer-gas  cells  will  be  much  less 
I contaminated  with  impurities  than  the  Cs-Na-buf fer-gas 

i cells,  and  hopefully  we  can  then  determine  experimentally  when 

and  why  the  exchange-narrowing  limit  is  reached. 

2 . Interactions  between  laser  beams  due  to  optical  pumping 
While  we  tried  to  optically  pump  a pure  Na  vapor  (~  10 
atoms/c.c.)  without  buffer  gas  with  a dye  laser  beam  on  the  high- 
frequency  wing  of  the  Na  D^-line,  we  discovered  the  following 
interesting  new  phenomena:  (a)  If  the  beam  is  circularly 
: polarized,  it  undergoes  strong  self-focusing,  and  can  be  observed 

as  a single, constant-diameter  (~  tens  of  |am)  filament  (or  a 
self-trapped  filament)  in  the  cell;  (b)  If  the  beam  is  linearly 
polarized,  then  it  will  break  up  into  two  coherent  circularly 
; polarized  filaments  of  opposite  circular  polarization  after 

traversing  a few  cm  in  the  Na  vapor;  (c)  if  the  laser  beam  is 
' first  decomposed  into  two  circularly  polarized  beams,  which  are 

then  fed  into  the  cell,  then  the  two  beams  are  observed  to 
repel  each  other  in  the  vapor  if  they  are  of  opposite  circular 
polarization,  and  they  attract  each  other  if  they  are  of  equal 
circular  polarization — in  other  words,  unlike  beams  repel  and 
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like  beams  attract.  In  this  report,  we  shall  present  simple 

qualitative  explanations  of  these  new  effects.  More  details 

(2 ) 

can  be  found  in  a recent  publication.  There  is  sufficient 

general  interest  in  these  beam- interaction  effects  that  a popu- 

(9 ) 

lar  write-up  recently  appeared  in  the  New  Scientist. 

We  can  explain  the  strong  self- focusing  behavior  of  circu- 
larly polarized  laser  beams  on  the  high  frequency  wing  of  the 
D2^  absorption  line  by  the  combined  effects  of  optical  punping 
and  anomalous  dispersion.  The  spin  polarization  due  to  optical 
pumping  by  the  laser  beam  in  the  Na  vapor  is  represented 
schematically  in  Figure  4(a).  The  a_j_  beam  can  drastically 
lower  its  own  ground  state  density  Ng  (i.e.  density  of  spin- 
down  atoms  inside  the  beam)  by  "dumping" many  atoms  into  a 
non-interacting  state  (spin-up  atoms,  of  density  N^^j^jp)  • Thus 
Ng  inside  the  laser  beam  is  smaller  than  the  spin-down  density 

outside  the  laser  beam.  The  indices  of  refraction  inside,  n.  , 

in 

and  outside,  n,  the  beam  are: 

= 1 + 2n  Ng  a (v  ) ( 1) 

"out  = ^ f a(v)  (2) 

where  a (v ) is  the  atomic  polarizability  (real  part)  depending 
on  the  laser  frequency  v , and  N is  the  total  sodium  atomic 
density,  and  the  excited-state  density  inside  the  beam  is 

neglected.  Thus  the  refractive  index  excess  inside  the  beam  is 
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Figure  4:  various  cases  for  self-focusing  of  laser  beams  due 

to  optical  pumping  when  the  laser  frequency  is  on  the 
high  frequency  wing  of  the  absorption  line  indicated. 
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-2n  (I  - Ng)  a(v) 


(3) 


6n  = n.  - n 

in  out 


For  strong  optical  pumping,  Ng  « N/2  and  then  6n  = -tt  a(v)N. 

Now  for  V larger  than  the  center  frequency  of  the  transition, 
a (v ) is  negative  and  so  6n  is  positive  and  self-focusing  can 
occur.  (For  v smaller  than  the  center  frequency,  a(v)  is  posi- 
tive and  self-defocusing  occurs.)  Of  course,  the  self- focusing 
is  counteracted  by  diffraction  effects,  so  the  beam  narrows 
down  to  a stable,  self-trapped  filament  which  propagates  with 
no  further  change  in  radius.  This  self- focusing  on  the  high 
frequency  wing  due  to  spin-polarization  optical  pumping  can 
be  extended  to  other  cases  of  optical  pumping.  For  example, 
we  believe  that  Sf If-focusing  on  the  high  frequency  wing  also 

occurs  for  alignmfnt  optical  pumping  (e.g.  a linearly  polarized 

3 3 

laser  beam  exciting  the  2 - 2 transition  in  He,  as  shown 

in  Figure  4(b)),  and  for  hyperfine  optical  pumping  (e.g.  a 

2 2 

laser  beam  exciting  a 6 S (F=3)  - 6 P transition  in  Cs  as 
shown  in  Figure  4(c)). 

The  self-focusing  in  sodium  due  to  spin-polarization  optical 
pumping  can  also  be  understood  in  an  atomic  model  (Figure  5(a)) 
which  is  equivalent  to  the  refractive  index  model  discussed 
above.  The  interaction  energy  u between  spin-down  atoms  and 
the  laser  beam  (Figure  5(a))  is 


U (v) 


1 i ^ 

- a (v)  E 


(4) 
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Figure  5:  (a)  Explanation  of  self  focusing  due  to  spin-polarization 

optical  pumping  on  the  high  frequency  wing  of  the  Di  line. 
The  full  arrow  indicates  force  on  a spin  down  atom, 
which  sees  the  laser  beam  as  a potential  hill  (potential 
U)  and  slows  down  from  velocity  V to  V'  on  entry. 

(b)  Explanation  of  the  repulsion  between  o+  and  o_  beams 
due  to  exchange  of  spin-polarized  atoms.  The  broken 
cirrows  indicate  preferred  velocities  in-between  the  beams. 

(c)  Explanation  of  the  attraction  between  two  a+  beams. 
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■where  E is  the  rms  field  intensity.  For  v being  on  the  high 
frequency  wing  of  the  line,  U(v)  is  positive,  and  so  the 

spin-down  atoms  "see”  the  laser  beam  as  a potential  hill.  Thus 
the  atoms  experience  a radially  outward  force  when  they  enter 
the  laser  beam.  By  action  and  reaction,  the  laser  beam  experiences 
radially  inward  forces  due  to  the  entry  of  spin-down  atoms,  and 
these  inward  forces  cause  self  focusing  of  the  beam. 

We  can  extend  the  above  atomic  picture  for  the  case  of 
two  parallel  laser  beams,  one  c^-polarized  and  one  a -polarized, 
in  the  sodium  vapor  (Figure  5(b)).  Due  to  optical  pumping,  the 
beam  is  predominantly  filled  with  spin-up  atoms  which  do  not 
interact  with  -the  beam.  These  spin-up  atoms  move  freely 
(when  the  mean  free  path  is  very  long)  at  thermal  velocities, 
and  so  the  a_  beam  will  experience  more  influx  of  spin-up  atoms 
from  the  side  of  the  beam  than  from  the  opposite  side. 

Since  the  a_  beam  exerts  a radially  outward  force  on  the  spin- 
up  atoms  only  (for  v on  the  high  frequency  wing),  the  a_ 
beam  experiences  a net  force  away  from  the  a_j_  beam  due  to  the 
asymmetric  influx  of  spin-up  atoms,  and  so  the  two  beams  repel. 

An  alternative  equivalent  description  is  that  the  beam  is 
creating  a graded  refractive  index  for  the  a beam,  which  sees 
a higher  refractive  index  away  from  the  beam.  Our  qualita- 
tive theory  predicts  that  self-focused  and  o_  beams  will 

repel  each  other  due  to  their  exchange  of  spin-polarized  atoms. 

(2 ) 

This  is  indeed  experimentally  verified  and,  in  fact,  we 
found  that  the  repulsive  force  is  big  enough  so  that  we  can 
"bounce"  and  a beams  against  each  other,  i.e.,  the  two  beams 
are  observed  to  undergo  an  "anticrossing"  inside  the  Na  cell. 
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If  the  repulsion  is  mediated  by  spin-  polarized  atoms,  then  the 
repulsion  can  be  decreased  by  depolarizing  the  atoms  by  a transverse 
magnetic  field  (~  a few  Gauss).  This  is  also  experimentally 
verified. 


Figure  5(c)  explains  the  case  of  beam-attraction:  two 

self-focused  beams  of  equal  circular  polarization  attract  each 

other  for  v on  the  high  frequency  wing  of  the  line.  Consider 

two  o.  beams  parallel  to  each  other.  The  beams  experience  less 

influx  of  spin-down  atoms  on  their  near  sides  than  on  their  far 

sides,  and  so  they  are  deflected  towards  each  other.  This 

(21 

attractive  behavior  is  also  experimentally  verified. ' ' 

The  repulsion  between  and  a _ beams  is  also  manifested 
in  the  break-up  of  a linearly  polarized  laser  beam  into 
two  coherent  beams  of  opposite  circular  polarization  (Figures  6 
and  7) . The  linearly-polarized  parent  beam  is  a superposition  of 
a and  a a_  beam  on  top  of  each  other.  This  is  really  an 
unstable  situation  (like  a pencil  standing  on  its  tip  on  a table) 
because  the  two  components  repel  each  other  if  they  are  ever 
slightly  displaced,  i.e.  any  small  distortions  of  the  wave- 
front  of  the  parent  beam  will  cause  the  decomposition  of  the 
parent  beam  into  two  repelling  and  o_  beams.  The  asymptotic 
splitting  half-angle  between  the  two  daughter  beams  can  be 
estimated  theoretically  as 


n a(v)  N 


incident  on  the  Na  vapor  from  the  left,  into  two  coherent 
daughter  beams  of  opposite  circular  polarization,  equal 
intensity,  and  symmetrical  deviation  from  the  parent 
direction.  The  splitting  angle  increases  as  cell  tempera 
ture  and  sodium  density  increases. 


Figure  7:  Observed  patterns  when  the  daughter  beams  hit  the  screen 
about  175  cm  from  the  Na  cell.  From  left  to  right: 
no  polarizer,  linear  polarizer,  o^-polarizer , _-polarizer ,a 
when  a convex  lens (of  f = 2"  and  placed  about  2"  from 
the  exit  window)  is  inserted  between  the  Na  cell  and  the 
screen. 


If  the 


(2) 

which  agrees  well  with  experimental  observations.  If  the 

parent  beam  is  perfectly  linearly  polarized,  then  the  daughter 
beams  are  observed  to  be  of  equal  intensity,  and  they  deviate 
symmetrically  from  the  parent  direction.  If  the  parent  is 
slightly  elliptically  polarized  (say  with  ellipticity  a^) , then 
the  daughter  beam  is  more  intense  than  the  a_  daughter  beam, 
and  the  former  deviates  less  than  the  latter  fron  the  parent 
direction. 

To  summarize,  we  have  discovered  previously  unknown  long- 
range  forces  between  CW  self-focused,  circularly  polarized 
laser  beams  on  the  high  frequency  wing  of  the  line  in  a sodium 
vapor.  These  forces  have  the  following  features;  (a)  Like  beams 
attract;  unlike  beams  repel;  (b)  The  forces  are  mediated  by 
spin-polarized  ground  state  atoms,  so  they  are  long-range  and  they 
are  attenuated  by  transverse  magnetic  fields  ; (c)  The  forces  are 
la^ge  enough  to  be  readily  observable  near  the  D^^-resonance ; 

(d)  The  forces  are  negligible  if  the  light  is  too  far  off  re- 
sonance. Theorists  have  long  been  interested  in  calculating  the 
scattering  cross-section  of  two  light  beams  from  each  other  in 
vacuum.  This  effect  of  photon-photon  scattering  turns  out  to 
be  far  too  small  to  be  observable  in  the  present-day  laboratory. 
What  we  found  is  that  the  scattering  between  two  light  beams  is 
greatly  enhanced  when  mediated  by  suitable  atoms. 

We  believe  that  suitable  laser-beams  in  other  atomic  systems 
that  can  be  readily  optically  piomped  should  also  exhibit  forces 
on  each  other,  and  we  believe  that  beam  interactions  due  to 
alignment  optical  piimping  (Figure  4(b))  or  hyperfine  optical 


19 


pumping  (Figure  4 (c))  are  also  possible.  For  example,  two  linearly 

polarized  laser  beams  on  the  higher  frequency  side  of  the 
3 3 

He  (2  - 2 P^)  transition  should  repel  or  attract  each  other  in  a 

3 

He  (2  S)  atomic  system  if  the  laser  polarizations  are  perpendicular 
or  parallel  to  each  other  respectively.  Thus,  we  believe  that  the 
long-range  forces  we  observed  in  sodium  should  be  a rather  general 
effect.  Such  forces  are  potentially  useful  for  micro-manipulations 
of  a laser  beam,  controlled  by  another  spatially-resolved  laser  beam. 


The  quantitative  understanding  of  the  scattering  between 
two  laser  beams  in  an  atomic  vapor  and  the  generalization  of  the 
scattering  to  various  other  atomic  systems  besides  sodium  will 
be  goals  during  the  next  interval.  An  exact  analysis  would 
entail  the  consideration  of  population  hole-burning,  detailed 
laser- frequency  dependence,  hyperfine  structure,  effects  of 
buffer  gases,  etc. 


3 . Utilization  of  optical  pumping  for  novel  visible  display  of 

magnetic  field  or  rf  spectrxim 

(3) 

We  have  recently  constructed  a novel  optically  pumped 
device  for  a sensitive,  real-time  and  visible  display  of  the 
quantitative  variation  of  a magnetic  field  with  high  spatial 
variation.  Photographs  of  typical  displays  in  the  form  of  "con- 
tour maps"  of  the  magnetic  field  being  studied  are  reproduced  in 
Figure  8.  The  field  contours  give  quantitative  magnitude  of  the 
field  component  in  a specified  direction,  and  they  are  spaced 
5 mG  apart  in  Figure  8.  These  first  contour  photographs  of  a 
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Figure  8:  Photographs  of  the  field  contour  lines 

(spaced  5 mG  apart)  .(a)  6H2  is  produced  by  a pair  of 
single-turn  Helmholtz  coils  separated  by  3.1  cm  (at 
positions  indicated  by  arrows)  carrying  0.2  A current. 
The  central  bright  region  indicates  a field  6H2  of 
57  mG  uniform  within  + 1 mG,  and  field  decreases  from 
center  outwards.  (b)  6H2  is  now  due  to  a screwdriver 
tip  placed  about  10  cm  from  the  upper  left  corner  of 
the  cell.  (c)  Display  of  the  superimposed  fields 
in  (a)  and  (b) . (d)  Same  as  in  (a)  except  now  the 
currents  through  the  two  coils  are  in  opposite  sense. 
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magnetic  field  demonstrate  that  our  display  device  is  a powerful 
new  tool  to  study  an  extended  irregular  magnetic  field  that  may 
vary  rapidly  in  space  and  time. 

The  description  of  our  device  is  given  in  a recent  communica- 

tion. ' ' Briefly,  it  consists  of  an  aluminosilicate  glass  cell 

12 

containing  sodium  atoms  (~  10  atoms/c.c.)  mixed  with  640  Torr 
He  and  130  Torr  N2 » optically  pumped  by  a circularly-polarized 
dye-laser  beam  at  5896A  in  the  z-directicn.  The  beam,  of  power 
~ 10  mW,  has  a cross-sectional  area  about  0.4  cm  x 2.5  cm 
(i.e.  ribbon-shaped  beam) . The  cell  is  situated  in  the  inhomogen- 
eous field  6H  to  be  studied  (say  varying  from  0 to  tens  of  mG) 
and  a homogeneous  field  (in  the  z direction,  of  magnitude 
~ 1 G)  is  superimposed  on  6H.  Under  these  conditions,  the  Na 
atoms  are  highly  spin-polarized  by  optical  pumping,  and  so  the 
whole  cell  looks  dark  from  the  side.  A comb  of  equally  spaced 
rf  frequencies  (i=l»  . . . , K)  is  then  applied  to  the  cell. 

We  discovered  that  a localized  glow  inside  the  cell  can  be 
observed  at  position  r if 

Vf  = Y (Hq  + (r))  (6) 

where  y is  the  gyromagnetic  ratio  of  Na,  and  is  700  kHz/G  at 
low  field.  Thus  for  the  comb  of  rf  frequencies  applied,  a 
corresponding  set  of  nested  glowing  surfaces  of  constant  6H^ 
separated  by  dark  layers  is  observable  inside  the  cell.  We 
use  a ribbon-shaped  laser  beam  to  "cut  a planar  section"  out 
of  the  field  contours  so  that  the  display  can  be  readily  photo- 
graphed, as  given  in  Figure  8. 
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Our  device  can  also  be  used  as  a novel  rf  spectrum  analyzer 
(no  reference  local  oscillator  is  needed) . To  display  an  rf 
spectrum,  a known  magnetic  field  gradient  in  the  z direction  is 
applied  to  the  cell.  The  rf  wave,  containing  unknown  frequencies 
f^  with  unknown  intensities  I(f^),  is  applied  to  the  cell.  We 
can  then  observe  a glowing  planar  surface  at  position  z^  when 

= Y H{z^) 

with  a glow  intensity  proportional  to  I(f^).  Thus  our  frequency 
spectrum  display  is  quite  similar  to  the  optical  spectriom  given 
by  a grating  monochromator.  Photographs  of  the  rf  frequency 
spectrum  display  for  various  FM  waves  are  given  in  Figure  9(a), 
and  the  recorded  intensities  of  the  RF  components  in  the  photo- 
graphs are  quite  consistent  with  the  theoretical  intensities  of 
the  components,  as  plotted  in  Figure  9(b). 

During  the  next  interval,  we  plan  to  do  more  theoretical 
and  experimental  work  on  the  optimization  and  real  limits  of  the 
above  display  device  for  magnetic  field  or  RF  spectrum.  We  also 
would  like  to  investigate  the  possible  use  of  the  device  for 
microwave  frequency  analysis  (near  the  hyperfine  frequency  of  the 
alkali  atom) . 

*This  research  was  mainly  supported  by  the  Air  Force  Office 
of  Scientific  Research  under  Grant  AFOSR-74-2685 . The  present 
project  title  includes  work  under  the  previous  title  of  "Spin- 
exchange  shift  and  narrowing  of  magnetic  resonance  lines  in 
alkali  vapors"  in  previous  Progress  Reports. 
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B.  SELECTIVE  lASER  EXCITATIONS  AND  CHEMICAL  PHYSICS  OF  SIMPLE 
SYSTEMS* 

(W.  Happer  and  A.  C.  Tam) 

About  two  years  ago,  we  reported the  first  observa- 
tion of  particulate-formation  in  a metallic  vapor  (cesium  or 
rubidium)  under  resonant  laser  excitation  of  the  alkali  atoms 
or  molecules.  A little  H2  or  D2  gas  must  be  present  in  the 
vapor  for  the  particulation  to  occxir.  For  the  case  of  a CS/H2 

mixture  excited  by  the  4579A  argon  ion  laser  line,  spectroscopic 
(3) 

analysis  indicates  that  the  laser  beam  manufactures  many 
CsH  molecules,  which  then  dimerize  and  condense  into  CsH  solid 
particulates.  Condensation  readily  occurs  because  CsH  solid 
has  very  low  equilibrium  vapor  pressure. This  resonant 
laser  excitation  to  produce  micron-sized  particulates  seems  to 
be  a promising  new  way  for  laser-isotope-separation,  and  this 
phenomenon  has  stirred  world-wide  interest. During 
the  past  interval,  we  have  tried  to  gain  more  understanding  of 


F 
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this  phenomenon,  and  have  discovered  some  related  phenomena. 

(7) 

We  have  studied  the  molecular  excitation  of  cesium  or  rubidium' 
by  certain  argon  ion  laser  lines.  We  also  discovered  that  step- 
wise excitation  of  Cs  atoms  to  the  8D3/2  causes  the  forma- 

tion  of  particulates  very  efficiently  when  D2  is  present; ^ ' 
however,  in  the  absence  of  foreign  gas,  a laser -produced  plasma 
is  formed  near  the  laser  focus. ^ ’ Our  progress  in  the  past 
interval  is  reviewed  briefly  in  the  following;  more  details  are 

4 

given  in  the  publications  cited. 

1.  Laser  excitation  of  a cesium  vapor  system 

As  reported  previously, two  blue  argon  ion  laser 
lines,  4545A  and  4579a,  are  found  to  form  particulates  very 
efficiently  in  a vapor  mixture  of  Cs  (>  1 Torr)  and  H2  (>  50 
Torr)  in  the  absence  of  helium  (so  that  the  Cs  atomic  absorption 
lines  at  4555A  and  4593a  are  sharp).  Under  these  circumstances, 
the  laser  can  only  be  absorbed  by  CS2  molecules.  As  indicated 
in  Figure  10,  there  is  a broad  CS2  absorption  band  in  the  region 
4500-5100A,  which  matches  quite  well  the  blue  argon  ion  lines. 
However,  we  found  that  the  argon  ion  lines  other  than  the  above 
two  will  hardly  form  any  particulates.  In  particular,  the  4880a 
lj:e  fom  s no  particulates,  although  it  is  one  of  the  brightest 
argon  ion  lines,  and  is  very  strongly  absorbed  by  CS2  (see 
Figure  10) . Hence  we  conclude  that  only  special  Cs^  molecules 
(produced  by  the  4545A  or  the  4579a  lines)  can  form  particulates, 
probably  through  the  production  of  Cs*(7P)  atoms  by  excitation 
transfer  collisions; 
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cs»(x^r.^) 


Cs*  + Cs(6S)  - CS2(X^g)  + Cs*(7P) 


(1) 


(2) 


For  the  Cs^  produced  by  the  4545A  or  4579A  lines  (but  not  the 
other  argon  ion  lines),  the  excitation  transfer  reaction  (2) 
is  nearly  resonant,  and  large  excitation  transfer  rates  are  ex- 
pected, as  for  a similar  case  in  Na/Na2  excitation  transfer 
investigated  by  Lam  et  al.^^*^^  Our  assertion  of  rapid  excitation 
transfer  is  supported  by  the  spectroscopic  observation  shown  in 
Figure  11:  a pure  Cs  vapor  (~  3 Torr)  is  excited  by  a focused 
argon  ion  laser  beam  at  4579A,  and  intense  atomic  fluorescence 
at  4555A  and  4593A  (marked  A in  Figure  11)  corresponding  to 
Cs*(7P^y2  1/2^  Cs(6S)  transitions,  is  observed  together  with 
molecular  fluorescence  lines  (marked  M in  Figure  11)  spaced  about 
40.5  + 2 cm~^  apart  (which  is  close  to  of  the  Cs(X^rg) 
state,  42.0  cm~^) .However , little  Cs*(7P)  atomic  fluorescence 
is  observed  for  argon  ion  laser  lines  to  the  red  side  of  the 
4579A  line.  Thus  we  believe  that  only  the  4545A  and  4579a  lines 
can  form  the  Cs*(7P)  states  efficiently  by  excitation  transfer, 
and  these  Cs*(7P)  atoms  react  readily  with  H2  or  D2  through  the 
reaction 


Cs*(7P)  + H2  - CsH  + H , 


(3) 


and  the  CsH  rapidly  condenses  into  the  solid  phase,  forming  the 
observed  particulates.  These  particulates  remain  suspended 
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Fluorescence  spectrum  from  a pure  Cs  vapor  (~  3 Torr) 
excited  by  a focused  4579A  Argon  ion  laser  beam  of  power 
~ 300  mW.  A = atomic  fluorescence  lines  (7P  - 6S) . 

M = molecular  fluorescence  lines  (CS2  (V  , J')  -•  CS2(v",  i 


inside  the  cell  for  many  seconds  before  they  fall  onto  the  cell 
surface  and  aore  decomposed  by  the  hot  cell  surface  (although 
they  occasionally  form  a white  deposit  on  the  cell  surface) . 
However,  these  CsH  solid  particulates  should  be  thermodynamically 
unstable,  and  should  deconqjose  rapidly  into  Cs  vapor  and  H2  gas. 
The  fact  that  these  particulates  are  stable  or  at  least  "meta- 
stable" may  mean  that  they  are  probably  highly  deficient  in 
H~,  i.e.  there  may  be  many  vacant  sites  where  there  should  be 
h”  atoms.  In  the  next  interval,  we  plan  to  try  to  understand 
how  the  CsH  particulates  could  be  metastable. 


2 . Laser  excitation  of  a rubidium  vapor  system 

The  phenomenon  of  laser-particulation  is  more  interesting 

in  a rubidium  system  than  a cesium  system  in  one  respectr  Rb 

85  87 

has  two  naturally  occurring  isotopes  (72%  Rb  and  28%  Rb  ) 
while  Cs  has  only  one  naturally  occurring  isotope.  We  have 
reported that  RbH-particulates  are  observed  when  a system  of 
Rb  (~  1 Torr)  and  H2  (~  150  Torr)  is  irradiated  by  two  and 
only  two  argon  ion  lines;  4765A  and  4880a.  These  two  lines 
excite  the  molecular  transition  Rb- (X^I^)  - Rb*{C).  The  C 
state  is  assiuned  to  be  of  symmetry  by  Brom  and  Broida, 
although  the  classification  of  this  state  is  uncertain. 

Our  observed  particulation  effect  indicates  that  Rb^CC)  reacts 
readily  with  H2/  producing  RbH  molecules,  which  we  have  identified 
spectroscopically  in  a way  very  similar  to  CsH  molecules, 
i.e.  the  4765A  is  found  to  produce  the  RbH(A^'*’)  excited  state 
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with  v' 


with  v'  = 12  and  J'  =4,  and  this  excited  level  decays  radia- 
tively  to  the  RbH(X^E^)  state  with  various  v"  , producing  a 
progression  of  fluorescence  doublets.  We  become  quite  interested 


in  the  possibility  that  the  4765a  or  4880a  lines  may  selectively 
85  85  87  87 

excite  Rt>2  or  Rb  Rb  or  Rb2  molecules,  thus  making  the 
RbH-particulates  isotopically  enriched.  This  stimulates  us 
to  attempt  more  understanding  of  the  laser-excited  transitions 
in  isotopic  Rb2  molecules. 

A few  known  molecular  states  in  Rb2  are  indicated  in 
Figure  12(a).  The  4765a  or  4880a  laser  lines  can  excite  the 
Rb2  molecules  to  the  C state,  and  possible  transitions  for  the 
4765a  case  are  indicated  in  Figure  12(b).  Because  many 
rotational-vibrational  levels  in  the  C state  can  be  populated, 
the  laser-excited  fluorescence  is  rather  complicated,  con- 
sisting of  many  partially  overlapping  progressions  of  fluorescent 

85 

lines.  These  lines  are  quite  different  for  the  Rb2  and  the 
87 

Rb2  cases,  as  illustrated  in  the  observed  emission  spectra 

shown  in  Figure  12(c)  and  (d) . Brom  and  Broida^^^^  claimed 

that  these  lines  are  all  Q-lines,  but  we  later  verified 

by  polarization  spectroscopy that  the  fluorescent  lines  are 

made  up  of  Q-lines  and  R-,  P-  lines  in  roughly  equal  numbers. 

The  fact  that  quite  different  emission  spectra  are  obtained 
85  87 

for  Rb2  and  Rb2  indicates  that  selective  laser  excitation 
is  possible.  So  we  tried  to  single-mode  the  4765a  laser,  and 
we  also  tried  to  use  an  extra -cavity  absorption  cell  of  only 
one  Rb  isotope  to  make  the  emerging  beam  be  isotopically 
selective.  However,  in  both  cases,  we  still  found  that  the 


j 

i 


I 
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Figure  12:  (a)  Known  molecular  states  of  Rb2.  (b)  Possible  excita- 

tion transitions  caused  by  the  incident  4765A  Argon  ion 
laser  in  ^^Rb^.  (c)  Observed  fluorescence  from  °^Rb2  or 

97Rb2  caused  by  a focused  4765A  multimode  beam  of  power 
~ 0.5W.  Rb  cell  temperature  350^^0.  (d)  A magnified 

portion  of  (c)  showing  clearly  the  drastic  difference 
between  the  ®^Rb2  fluorescence  and  the  fluorescence. 
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laser  beam  forms  particulates  very  readily  in  a mixture  of  H2  and 

QC  0*7 

Rb  or  Rb,  So  it  seems  that  the  molecular  transitions  in  this 
spectral  region  (4700-4950A)  are  so  densely  packed  that  any 
broadening  effect  (e.g.  pressure  broadening)  makes  selective 
molecular  excitation  impossible.  In  the  next  interval,  we 
shall  try  to  selectively  excite  the  Rb  atomic  system  near 
4200a  with  a narrow-band  (perhaps  single  mode)  dye  laser  beam. 
Hopefully,  for  this  atomic  excitation,  laser-particulation  is 
possible  for  much  lower  pressures  of  Rb  and  of  H2»  so  that  any 
pressure  broadening  effect  is  small  and  selective  isotopic 
excitation  of  the  Rb  atom  is  possible,  leading, hopefully, to 
isotopically  enriched  particulates. 

3 . Laser-produced  plasmas  due  to  the  production  of  Cs*(8D) 

( 9) 

We  recently  reported  the  discovery  of  plasma  production 
in  a pure  Cs  vapor  (~  10  atoms /c.c.)  excited  by  a 0.1  W 

cw  laser  beam  at  6010. 5A.  Our  discovery  is  surprising,  because 
while  laser -produced  plasma  is  a widely  known  phenomenon, 
intense  pulsed  laser  beams  (power  ~ MW)  are  used  in  all  the 
cases  we  know  of.  Our  observation  of  the  production  of  a 
discharge-type  equilibri\im  plasma  seems  to  be  the  first  case  of 
plasma  production  by  a weak  beam  (0.1  W) . 

As  shown  in  Figure  13,  if  a Cs  cell  is  slowly  heated  up,  it 
absorbs  a focused  6010.5a  beam  more  and  more,  for  a cell  temperature 
less  than  350° C.  The  6010.5a  light  excites  the  - 

Cs(8D2^2)  transition,  and  so  it  may  seem  surprising 
that  the  laser  beam  should  ever  be  absorbed  because  there  are 
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% LASER  TRANSMISSION 


Figure  13:  Top:  Observed  transmission  of  a focused  6010. S..'^  laser 

beam  through  a 6 cm  long  Cs  cell  as  the  cell  temperature 
is  slowly  raised.  At  about  355  C,  a localized  glowing 
plasma  suddenly  appears  near  the  laser  focus,  and  the 
transmission  drops  sharply.  The  left  insert  indicates 
the  laser  excitations  and  the  right  insert  indicates 
the  experimental  arrangements. 

Bottom:  Photograph  of  the  localized  plasma  (about  5 mm 
long)  at  center  of  photograph.  The  laser  beam  is 
indicated  by  arrows.  Two  heater  coils  outside  the  cell 
separated  by  2.1  cm  are  seen. 


almost  no  atoms  present  in  equilibrium  in  the  cell  to  do 

the  absorption.  The  answer  to  this  puzzle  is  that  CS2  molecules 

are  also  present  in  the  cell  (~  a few  % at  350°C),  and  CS2  has 

an  absorption  band  in  the  yellow-orange  region  (see  Figure  10) . 

(9) 

There  is  evidence  ' that  the  6010.5a  laser  beam  causes 
dissociative  excitations  of  Cs2»  producing  Cs(6P)  atoms,  which 
then  absorb  the  laser  in  a second  step  excitation  (as  shown 
in  the  left  insert  in  Figure  13). 

At  a cell  temperature  of  around  355° C,  there  is  a sudden  drop  in 
transmission,  and  simultaneously  a localized  white  glow  appears 
near  the  laser  focus,  as  shown  in  the  photograph  at  the  bottom 
of  Figure  13.  The  emission  spectrum  of  this  white  glow  reveals 
many  atomic  emission  lines  (similar  to  a discharge)  and  also 
recombination  continua  (in  particular,  the  recombination 
continuum  onto  the  Cs(6P)  state,  i.e.  Cs^  + e - Cs(6P)  + hv). 

The  emission  lines  from  the  F states  are  observed  to  be  greatly 

plasma-broadened  (linewidth  typically  ~ 10a),  and  by  the  method 

(13) 

of  Stone  and  Agnew,  we  can  derive  the  electron  density  to 

14  -3 

be  typically  3 x 10  cm  . Also  by  the  method  described  by 

( 14) 

Agnew  and  Reichelt,  we  can  derive  from  the  shape  of  the 

recombination  continuum  the  electron  temperature,  which  is 
found  to  be  typically  0.2  eV.  The  derived  electron  density  and 
electron  temperature  are  found  to  satisfy  the  Saha  equation; 
nence  our  plasma  is  in  local  thermodynamic  equilibrium.  We 
have  also  used  internal  electrodes  to  verify  that  we  can  draw 
a current  when  the  white  glow  is  on.  This  glowing  plasma  also 
exhibits  the  common  hysterisis  property  of  a discharge,  i.e.  if 
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the  incident  laser  intensity  is  gradually  decreased,  it  disappears 
at  intensity  and  if  the  laser  intensity  is  increased  again, 

it  appears  at  I .and  I > I More  details  of  these 

observed  properties  of  the  localized  plasma  produced  by  the 

° ( 9 ) 

6010A  beam  are  given  in  a recent  publication. 

The  question  may  now  arise  as  to  why  the  6010a  laser  should 

ever  produce  a discharge- type  plasma.  We  believe  that  the 

most  reasonable  explanation  is  the  following.  At  a low  Cs  density, 

the  laser-excited  Cs(8D)  states  decay  mainly  radiatively. 

17 

However, at  a sufficiently  high  Cs  density (~  10  atoms/c.c.), 
radiative  decay  becomes  less  frequent  than  decay  by  associative 
ionizations ; ^ 

Cs(8D)  + Cs(6S)  ->  CS2  + e + 0.2  eV  (4) 

The  electron  thus  produced  can  be  heated  up  by  superelastic 
collisions  with  Cs(8D)  if  the  laser  is  sufficiently  intense; 

Cs(8D)  ® Cs{nl)  ® Cs(n'-t')  ® . . . (5) 

For  rapid  electron  collisions (5) , a local  thermodynamic 
equilibrium  (LTE)  can  be  established,  and  a large  population 
of  Cs(6P)  is  maintained  by  collisions,  and  so  strong  absorption 
of  the  6010a  laser  is  possible.  We  believe  that  our  observed 
localized  vh  ite  glow  is  due  to  the  production  of  this  LTE 

17 

plasma.  The  fact  that  tliere  is  a threshold  Cs  density  (~  10 

_3 

cm  ) and  a correlated  threshold  laser  power  (~  80  mW)  is 
consistent  with  the  above  picture  of  the  production  of  the 
LTE  plasma. 
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We  have  mentioned  the  property  of  hysterisis  in  a preceding 


paragraph.  For  intermediate  laser  intensity  (between  and 

^on) ' laser  beam  can  form  either  a strongly-ionized  plasma 

(i.e.  the  localized  white  glow),  or  a very  weakly- ionized  plasma 
(which  looks  orange  and  dim) , depending  on  the  history  of  the 
laser  intensity  (i.e.  depending  on  which  branch  of  the  hysterisis 
curve  corresponds  to  the  current  situation) . Could  we  view  this 
dual-state  behavior  for  the  same  la^er  power  as  a phase  transi- 
tion? Is  it  conceivable  that  the  localized  white  glow  is  a 
"plasma  droplet"  analogous  to  an  electron-hole  droplet  recently 
discovered  in  semiconductors?  After-all,  the  radiative  recom- 
bination time  in  our  plasma  is  long  (~  msec) , so  a plasma 
droplet  seems  to  be  a possibility.  We  hope  to  be  able  to 
answer  some  of  these  intriguing  questions  in  the  next  interval. 

4 . Oscillating  laser-production  of  particulates  in  a Cs/P^  vapor 


in  the  last  section,  we  have  described  that  a focused 
6010. 5A  laser  beam  produces  a plasma  in  a pure  Cs  vapor.  However 
if  10-150  Torr  of  D2  or  H2  is  mixed  with  the  Cs  vapor,  no  plasma 
is  produced,  but  instead  dense  clouds  of  micron-sized  particulates 
are  produced  near  the  laser  focus.  Optimum  production  occurs 
for  medium  D2  or  H2  densities  (about  20  to  40  Torr) , and 
particulate  productions  seem  to  be  more  efficient  in  D2 
than  in  H2  (Mie-scattering  of  the  laser  is  much  more  intense 
in  D2).  We  have  verified^®^  that  the  full  width  at  half 
maximum  for  this  laser-particulation  to  occur  is  only  about 
4.6  GHz,  and  hence  it  is  a highly  resonant  effect,  and  selective 
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production  of  isotopically  enriched  particulates  seems  quite 
possible. 

Perhaps  the  most  fascinating  feature  of  the  above  laser- 

particulation  phenomena  is  that  the  particulates  are  produced 

in  a perfectly  periodic  fashion,  with  the  period  t decreasing 

as  the  Cs  density  increases  or  the  D2  density  increases.  In 

the  range  of  period  (0.1  to  10  sec)  we  studied, we  observed 
-2  -1 

that  T ~ [Cs]  [D2]  , where  the  square  bracket  indicates 

number  density.  This  oscillating  production  of  particulates 
which  fall  down  from  the  laser  causes  "ripples"  of  particulates 


to  be  observable  below  the  laser  beam,  as  seen  from  the  photo- 

t 

; graphs  in  Figure  14. 

' We  note  that  oscillating  reactions  and  periodic  precipita- 

( 16  ^ 

j tions ' ' have  interested  chemical  physicists  and  biophysicists 

, for  many  years,  and  we  need  only  to  mention  the  strong  general 

j interest  in  "Liesegang  Rings",  "Zhabotinsky ' s Reaction"  etc. 

j Scientists  are  fascinated  by  these  periodic  chemical  reactions 


i because  so  many  biological  processes  in  nature  are  periodic 

(heart-beat,  breathing  rythm,  etc.).  Of  the  periodic  reactions 
reported  up  to  date,  we  think  that  our  observation  of  periodic 
particulation  in  CS/D2  vapor -mixture  is  perhaps  the  simplest, 

1 involving  only  Cs  atoms,  D_  molecules  and  light.  No  quantitative 

! 

( understanding  of  any  one  periodic  reaction  seems  to  have  been 

i 

i reported.  Perhaps  our  system  of  Cs,  D2,  and  resonant  light  is 

simple  enough  that  a detailed  quantitative  understanding  of  the 

I periodicity  is  possible  in  the  necir  future. 
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Figure  14:  Oscillating  production  of  micron-sized  particulates  in 
a mixture  of  ts  (of  numlier  density  indicated)  and  D - 
(20  Torr)  by  a focused  dye  laser  beam  (indicated  by^ 
arrows)  at  6010.5  . To  take  these  j^hotographs , the 
laser  beam  coming  out  of  the  cell  is  defocused  ajid 
reflected  back  into  the  coll  to  illuminate  the  "r-'i 
of  particulates  below  the  focused  laser  beam. 


In  the  next  interval,  we  would  like  to  attempt  a quantita- 
tive understanding  of  the  time  development  of  our  nucleation 
processes,  leading  to  oscillations  under  suitable  conditions. 

The  time  development  of  the  particulate  size-distributions  can 
perhwps  be  studied  by  the  Brownian  motions  of  the  particulates. 
The  "quantum  efficiency"  of  the  laser-particulation  process 
(i.e.  mass  of  CsD -particulates  produced  per  photon)  can  perhaps 
be  obtained  by  detecting  the  density  drop  in  D2  or  in  Cs  after 
particulation  begins.  We  would  also  like  to  understand  why 
particulates  form  more  easily  in  D„  than  in  H_ . 

5 . Polarization  reversal  of  Rayleigh  scattering  near  a 

resonance  doublet 

( 17) 

We  have  observed  that  the  polarization  of  the  Rayleigh- 

scattered  light  from  a single-mode  linearly  polarized  dye  laser 
beam  incident  on  a Na  vapor  varies  drastically  (Figure  15),  as 
the  laser  frequency  is  tuned  near  the  resonance-doublet.  In 
particular,  the  Rayleigh  polarization  is  100%  "flipped"  near 
5894a.  This  phenomenon  of  polarization  reversal  of  Rayleigh 
scattering  near  a resonance  doublet  was  predicted  about  40 
years  ago  by  Placzek^^®^  and  discussed  by  Penney, but  our 
observation  seems  to  be  the  first  experimental  verification  of 
the  prediction.  Vriens^^^^  has  reported  similar  observations 
in  a Na  vapor  and  a Na  plasma  over  a more  limited  spectral  region, 
and  he  proposed  that  such  variations  in  the  Rayleigh  polarization 
may  find  in^ortant  applications  in  plasma  diagnostics. 

♦This  research  was  also  supported  by  the  National  Science 
Foundation  under  Grant  NSF-ENG76-16424. 
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therein. 

C.  ATOMIC  SPECTROSCOPY;  STEPWISE  EXCITATION  AND  LEVEL-CROSSING 
SPECTROSCOPY  OF  THE  TRIPLET  STATES  OF  HELIUM-4* 

(W.  Happer  and  A.  C.  Tam) 

This  project  has  been  completed,  and  the  experimentally 
3 3 

determined  3 D and  4 D fine  structure  intervals  have  been 
reported. ^ ^ The  calculations  of  numerous  intervals,  and 

3 

the  experimental  determination  of  a 3 P interval,  are  given  in 

(3)  3 

a more  recent  paper.  Our  calculated  D intervals  are  svimmar- 

ized  in  Table  1 1,  together  with  our  calculated  singlet-triplet 

3 

mixing  coefficients.  Our  calculated  D intervals  and  those  of 
(4) 

Chang  and  Poe'  seem  to  be  the  most  accurate  calculations 
reported  so  far. 

We  have  also  reported a precision  measurement  of  the 
3 3 

3 P^  - 3 P2  interval  obtained  by  stepwise  excitation  level- 

(2) 

crossing  spectroscopy.  ' The  value  we  obtained  is 

3^P^  - 3^P2  = 658.76  + 0.13  MHz  (1) 

in  fair  agreement  with  the  only  previous  determination  (658.55  + 

( C \ 

0.15  MHz)  by  Wieder  and  Lamb,'  ' who  also  determined  the  larger 
interval; 

3^Pq  - 3^Pj^  = 8113.78  + 0.22  MHz  (2) 
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Recently,  Uiuillier  et  al. reported  the  precision  neutral- 
impact  level-crossing  spectroscopy  of  He  at  high  field,  and 
obtained 


3^P  - = 8772.565  + 0.062  MHz  (3) 

o z ^ 

It  is  very  satisfactory  to  note  that  equation  (1)  to  (3)  are 
fully  consistent. 

*This  research  was  also  supported  by  the  Air  Force  Office 
of  Scientific  Research  under  Grant  AFOSR-74-2685 . 

(1)  CRL  Progress  Report,  June  30,  1975,  p.  41. 

(2)  A.  C.  Tam,  Phys.  Rev.  A 12,  539  (1975). 

(3)  A.  C.  Tam,  J.  Phys.  B.  Atom.  Molec.  Phys.  9,  L559 
(1976) . 

(4)  T.  N.  Chang  and  R.  T.  Poe,  Phys.  Rev.  A 2A,  11  (1976). 

(5)  I.  Wieder  and  W.  E.  Lamb,  Phys.  Rev.  107,  125  (1957). 

(6)  C.  lihuillier,  J.  P.  Faroux,  and  N.  Billy,  J de  Physique 
37,  335  (1976). 


D.  ABSORPTION  STUDIES  OF  CS2  BANDS 
(R.  Gupta  and  W.  Happer) 

Alkali-metal  dimer  bands  are  of  interest  in  connection  with 
tuneable  lasers.  Na2  has  already  been  shown  to  lase  on  several 
transitions.  However,  not  very  much  is  known  about  the  Cs  dimer 

bands.  It  is  not  even  known,  for  example,  whether  some  of  these  bands 
originate  from  the  singlet  or  the  triplet  ground  states.  We  have 
started  an  experiment  to  measure  the  absorption  in  Cs2  bands  as 
function  of  the  temperature  of  the  vapor,  with  the  vapor  pressure 
held  constant.  Results  of  this  experiment  will  determine  whether  and 
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which  of  these  bands  originate  from  the  singlet  states  or  triplet 
states.  We  should  also  be  able  to  determine  the  internuclear 


separations  that  correspond  to  various  transitions.  Results  of 

this  investigation  are  also  of  interest  in  connection  with  the 

alkali-noble  gas  excimer  systems  which  are  being  studied  in  our 

laboratory.  Moreover,  these  studies  may  also  be  useful  in  solar 

energy  research.  Alkali  vapors  have  been  suggested  as  an  ab- 

(2 ) 

sorbing  medium  of  solar  radiation  in  Brayton  cycles. 

Our  experimental  setup  is  shown  in  Fig.  16.  Cs  is  contained 
in  a 1720  glass  cell  with  a long  stem.  The  main  body  of  the  cell  is 
contained  in  an  oven  at  temperature  T2  while  the  stem  is  placed  in 
another  oven  at  temperature  Ti.  Ti  is  held  lower  than  T2.  Therefore, 
the  vapor  pressure  of  Cs  is  determined  by  T^  while  the  temperature 
of  the  vapor  is  determined  by  T2.  The  absorption  of  light  by  CS2  is 
measured  as  a function  of  the  wave  length  of  light.  The  absorption 
spectrum  is  taken  for  various  values  of  T2»  while  T]^  is  held  constant. 
Part  of  the  light  is  taken  through  a dummy  cell  and  is  used  to  normalize 
the  spectral  response  of  the  photomultiplier  tube,  any  fluctuations 
in  the  lamp  intensity , etc.  Our  preliminary  data  are  shown  in  Fig.  17. 
Since  the  temperature  T2  determines  the  distribution  of  molecules  at 
various  internuclear  separations,  and  since  this  distribution  is 
different  for  singlet  and  triplet  states,  an  analysis  of  this  data 
will  give  us  the  desired  information.  The  data  shown  in  Fig.  17  is 
preliminary  and  we  have  not  analyzed  it  yet.  In  the  next  interval, 
we  will  take  more  careful  data  and  analyze  it. 

(1)  H.  Itoh,  H.  Uchiki,  and  M.  Matsuoka,  Optics  Comm.  18,  271 
(1976);  M.  Henesian,  R.  L.  Herbst,  and  R.  L.  Byer,  1975 
IEEE/OSA  Conference  on  Laser  Engineering  and  Applications. 

(2)  A.  Hertzberg,  private  communication. 
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Figure  16:  Schematic  illustration  of  experimental  arrangement 
used  to  study  the  absorption  by  CS2  vapor. 
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E.  TUNABLE  DYE  LASER  SPBCTOSCOPY  OF  HIGHLY  EXCITED  STATES 
IN  ALKALI  ATOMS  . 

(J.  Farley,  R.  Gupta,  and  W.  Happer) 


1 . Hyper fine  Structure  Measurements  in  the  Highly  Excited 
S and  P States  of  Cs 

We  have  completed  the  study  of  hyperfine  structures  in  the 
excited  states  of  Rb  and  Cs.  As  was  pointed  out  in  the  pre- 
vious progress  reports,  the  hyperfine  structures  in  the  excited 
states  of  alkali-metal  atoms  are  grossly  perturbed  by  the  many-body 
correlation  effects.  Therefore,  in  contrast  to  other  atomic 
properties,  e.g.,  binding  energies  or  radiative  lifetimes  for 
allowed  transitions,  the  hfs  measurements  are  particularly  valuable 
tests  of  many-body  calculational  techniques. 

in  the  last  interval  we  have  measured  the  hyperfine  structure 
in  the  and  the  lO^P^^  states  of  Cs^^S.  our  method 

has  been  described  in  detail  in  the  previous  progress  reports  and  is 
also  shown  schematically  in  Fig.  18.  Cs  atoms  are  excited  to  their 
first  excited  P3/2  state  by  resonance  light  from  a rf  discharge 

excited  Cs  lamp.  Atoms  ±n  the  P3/2  state  are  further  excited  to  the 
2 

n Sj^  states  by  circularly  polarized  light  from  a cw  dye  laser.  We 

o 2 

observe  the  3876  and  3888  A fluorescent  light  emitted  when  the  n 

2 

state  atoms  decay  via  8 Pj^,  2/2  states  to  the  ground  state.  We  induce 

2 

radio- frequency  transitions  among  the  magnetic  sublevels  of  the  n 

state,  and  observe  these  transitions  as  changes  in  the  polarization 

of  the  fluorescent  light.  From  the  positions  of  the  observed 

transitions  we  deduce  the  hyperfine  structure  constants.  A similar 

2 

scheme  is  used  for  the  10  Pj^  state,  as  shown  in  Figure  18. 

These  experiments  turned  out  to  be  rather  difficult  due 
to  a number  of  experimental  problems.  For  example,  highly  excited 
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Figure  18;  Excitation  and  detection  scheme  for  rf  spectroscopy 

^5 


2 2 

in  the  n Si  and  10  Pi^  states  of  Cs. 


atoms  are  very  susceptible  to  collisional  depolarization.  We  found 

that  pyrex  was  not  a satisfactory  glass  for  making  Cs  cells  because 

of  the  outgassing  by  the  cell  walls.  Also,  we  had  to  operate  at  very 

low  vapor  density  of  Cs  which  made  the  experiments  difficult.  It 

was  very  difficult  to  avoid  rf  induced  discharge  in  the  cells, 

presumably  triggered  by  associative  ionization  of  Cs  (Cs*  + Cs-*Cs,  + e). 

2 

In  spite  of  these  problems,  we  have  carried  these  experiments  to  a 
successful  conclusion  and  some  typical  results  are  shown  in  Fig.  19. 

We  obtain  the  following  results  for  the  magnetic  dipole  coupling 
constant  A: 


AdS^Sj^)  = 

Ade^Sjj)  = 
AdT^S;^)  = 
Ad02Sjj)  = 


10.1  (1)  MHZ 
7.73(5)  MHZ 

6 . 06 ( 10) MHz 

13.9  (2)  MHZ 


These  results  have  now  been  published,  and  this  project  is  now 

complete. 

(1)  J.  Farley,  P.  Tsekeris,  and  R.  Gupta. 

Phys.  Rev.  A 15,  1530  (1977) 


2 . Fine  structure  measurements  in  the  F-states  of  Rb 

2 

We  have  measured  the  fine  structure  intervals  in  the  6 F and 

2 

7 F states  of  Rb.  When  we  started  our  work,  fine  structure 
intervals  in  the  F states  of  Rb  and  Cs  were  known  to  be  inverted 
from  conventional  spectroscopic  measurements.  However,  their 
magnitudes  were  very  poorly  known.  Therefore,  it  was  very  interesting 
to  make  an  accurate  measurement  of  these  fine  structure  intervals. 
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17  Si  states  of  Cs 


Fig.  20  shows  the  state  of  our  knowledge  of  the  fine  structure 
intervals  in  F states  of  alkali  atoms  prior  to  our  work.  We 
note  that  the  fine  structures  in  the  heavy  alkali  atoms  are  in- 
verted, while  they  are  normal  for  Na.  We  have  not  indicated  error 
bars  for  Rb  and  Cs.  However,  these  values  could  easily  be  in 
error  by  as  much  as  100%.  Our  measurements  are  the  first  precision 
measurements  of  the  fine  structure  in  the  F states  of  heavy  alkali 
metal  atoms. 

Figure  21  shows  our  typical  results  for  the  6^F  state.  This 
figure  also  shows  our  scheme  for  excitation  and  detection, 

o 

states  are  populated  by  spontaneous  decay  of  the 
2 

The  n‘  states  are  produced  by  stepwise  excitation.  A resonance 

lamp  is  used  in  the  first  excitation  step  and  a cw  dye  laser  is 
used  in  the  second  excitation  step.  We  use  circularly  polarized 
laser  light  to  create  electronic  polarization  in  the  F states. 

Rf  resonances  induced  among  the  magnetic  sxiblevels  of  the  F states 
are  detected  as  a change  in  the  polarization  of  the 
fluorescent  light.  From  the  position  of  the  rf  resonance,  we 
deduce  the  fine  structure  intervals.  The  resonance  on  the  right 
in  Fig.  21  is  due  to  the  8^05/2  state  (feeder  state) , while  that  on 
the  left  is  due  to  3=1/2,  M =7/2  **5/2  transition  in  the  6^F  state. 

U 

We  have  taken  extensive  data  at  different  resonance  frequencies  and 
observed  different  transitions.  We  deduce,  for  the  fine  structure 
intervals, 

6w  (6^F)  = 486(4)  MHZ 

6W  (7^F)  = 347.6(10)  MHZ. 

These  results  have  been  published. 

(2)  J.  Farley  and  R.  Gupta,  Phys.  Rev.  A _15,  1952  (1977) 
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PRINCIPLE  QUANTUM  NUMBER  n 


3 

Figure  20:  A plot  of  6wx  (n*)  against  principal  quantum 

number  n for  the  F states  of  H,  Na,  Rb  and  Cs 

3 

Here  6wx(n*)  should  be  a positive  constant 
according  to  Lande'  formula. 


F.  EXCIMER  BANDS  IN  ALKALI -NOBLE  GAS  MOLECULES  j 

(W.  Happer,  G.  Moe,  R.  Gupta  and  A.  C.  Tam)  ' 

In  the  preceeding  progress  report,  we  discussed  our  discovery 

1 

of  a new  class  of  emission  and  absorption  bands  in  high  density  j 

alkali-metal-noble-gas  vapor  mixtures.  We  interpreted  these 
bands  as  excimer  transitions  in  alkali-noble-gas  diatomic 
molecules  which  would  correspond  to  forbidden  transitions  in  isola- 
ted alkali  atoms.  We  have  been  able  to  confirm  this  interpretation 
through  a series  of  emission  (laser  and  discharge-excited)  and 
absorption  experiments,  most  of  which  are  described  in  the  last 
progress  report.  At  the  time  that  report  was  written  we  were  in  the 
process  of  completing  a systematic  study  of  the  absorption  spectra  of 
Cs  and  Rb  in  all  the  noble  gases.  That  study  has  since  been  completed  | 

and  published. It  includes  the  quantitative  reduced  absorption  | 

coefficients  as  a function  of  wavelength  for  the  red  bands  associated  | 

i 

with  the  5D  state  in  atomic  Cs  (Fig.  22)  (which  are  visible  in  the  = 

raw  spectra  shown  in  Fig.  18  of  the  previous  report)  as  well  as  a ' 

discussion  of  the  accuracy  of  the  only  theoretical  calculation of 
the  potential  curves  correlated  with  the  first  excited  S and  D states 
in  Cs  and  Rb.  These  theoretical  potential  curves  would  give  absorp- 
tion and  emission  spectra  substantially  different  from  our  experimental 
spectra.  Figure  23  shows  the  theoretical  potential  curves  and  differ- 
ence potentials  together  with  difference  potentials  (dotted  lines) 
compatible  with  our  measured  spectra  for  the  case  of  CsXe. 

Our  interest  in  the  study  of  these  excimer  transitions  was 
stimulated  by  our  realization  that  these  transitions,  together  with 
those  in  the  A-X  bands  proposed  by  Phelps and  by  York  and  Gallagher 
make  the  high  density  alkali-noble-gas  systems  (particularly  NaXe) 
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Figure  22: 


Reduced  absorption  coefficients  for  the  Cs-noble-gas  red  bands 
The  noble  gas  densities  are  4.5,  5.0,  7.9,  and  3.0  amagats 
for  Xe,  Kr,  Ar,  and  Ne,  respectively.  The  arrows  indicate 


the  wavelengths  of  the  forbidden  Cs  atomic  \/2~^^5/2  3/2 
transitions  at  6849A  and  6895A. 


R(A.U.) 


Figure  23: 

Theoretical  adieibatic  potential  curves  (solid  lines)  for 
CsXe  from  Ref.  2,  with  the  corresponding  difference 
potentials  (dashed  lines) . The  dotted  lines  show  difference 
potentials  compatible  with  ovir  spectra. 


promising  candidates  for  powerful,  efficient  electron-pumped 
tunable  laser  media  in  the  visible  and  near  infrared.  This 
expectation  has  received  support  from  studies  (currently  underway 

by  Gallagher  et  al) of  discharges  in  these  systems. 


One  of  the  most  important  considerations  in  regard  to  the 
possibility  of  laser  action  on  these  transitions  is  the  extent  of 
nonradiative  (i.e.,  collisional)  depopulation  of  the  excited  state. 
To  get  some  preliminary  information  on  this  question  we  lent  several 
of  our  sample  cells  to  Dr.  Jean  Delpech  of  the  University  of  Paris 
at  Orsay,  France.  He  already  had  a functioning  apparatus  designed 
to  do  time-resolved  spectroscopy  and  was  able  to  measure  the  rate  of 
decay  of  fluorescence  from  the  7P  and  7S  levels  of  Cs  (and  the 
associated  CsXe  molecular  levels)  after  excitation  of  the  7P  level 
in  Cs  by  a pulsed  dye  laser.  Delpech' s measurements,  which  have 
since  been  published^  ^ show  that  the  lifetimes  of  these  two  states 
are  considerably  shorter  than  the  natural  lifetimes  of  the  atomic 
states  . The  lifetimes  decrease  rapidly  as  the  temperature  increases 
and  as  the  Xe  density  increases.  The  temperature  and  Xe  density 
were  high  under  his  experimental  conditions  (250-375°C  and  Xe 
pressure  .9  to  7 atmospheres).  Delpech  interpreted  the  decrease  in 
lifetime  as  due  to  collisions  with  Xe  atoms  in  the  high  energy  tail 
of  the  Boltzmann  distribution  of  kinetic  energies. 


(71 

Marek  and  Niemax'  ' in  a similar  recent  study  conducted  at  lower 
Xe  densities  (a  few  torr  to  600  torr)  and  at  low  temperatures  (below 
100° C)  found  no  such  temperature  dependence,  although  they  did  see 
nearly  complete  mixing  of  the  populations  of  nearby  levels  (e.g. 

7P  and  6D)  at  pressures  of  only  a few  torr  of  Xe,  so  that  the  life- 
time of  7P,  for  example,  would  be  a statistically  weighted  average  of 
the  lifetimes  of  7P  and  6D.  Marek  and  Niemax  did  comment  that  above 
a certain  temperature  (70°C  for  7P  and  100° C for  8P  and  9P)  the 
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lifetime  began  to  decrease  very  rapidly  with  temperature,  but  this 
also  happened  when  no  noble  gas  was  present.  Normally  one  would 
expect  the  apparent  lifetime  of  atoms  in  a pure  atomic  vapor  to 
increase,  if  anything,  as  the  temperature  (and  therefore  density) 
increases  due  to  radiation  trapping.  The  reason  for  the  decrease 
in  lifetime  in  the  pure  vapor  is  not  clear.  It  could  be  due  to 
collisions  with  other  Cs  atoms  or  to  stimulated  emission.  It  is 
certainly  not  due  to  collisions  with  Xe  atoms,  since  none  were 
present. 

In  the  temperature  range  between  100° c and  250°c  no  similar 
lifetime  measurements  have  been  reported  for  high  noble  gas  densi- 
ties. The  mechanisms  involved  in  the  collisional  shortening  of  the 
lifetimes  of  these  states  are  not  at  all  understood.  Since  the 
possibility  of  quenching  and  excitation  transfer  are  important  in 
laser  considerations,  we  determined  to  undertake  a study  of  these 
lifetimes  and  excitation  transfer  processes  ourselves. 

This  type  of  experiment,  involving  the  direct  measurement  of 
transient  processes  on  a nanosecond  time  scale, has  not  been  done 
before  in  our  laboratory,  so  it  was  necessary  to  construct  a com- 
pletely new  apparatus.  This  task  is  nearly  complete,  but  it  has 
occupied  much  of  our  time  during  the  last  interval.  We  have  con- 
structed a 300  kw  peak  power  pulsed  nitrogen  laser  which  is  extreme- 
ly well  shielded  to  prevent  RF  noise  from  the  discharge  from  inter- 
fering with  the  measurement  of  low-level  signals.  We  also  constructed 
a Hansch-type  tunable  N2  - laser  pumped  dye  laser  which  provides  ~6 
nsec  pulses.  Fluorescence  is  measured  by  using  a fast  photodiode  or 
photomultiplier  tube,  and  by  measuring  the  output  with  a Scimpling 
oscilloscope.  This  sampling  oscilloscope  has  been  interfaced  to  a 
PDF  8/E  mini  computer-based  data  acquisition  system  and  it  functions  as 
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a very  fast  sample-and-hold  and  as  a timing  device  with  svihnano- 
second  resolution.  The  sampling  scope,  triggered  by  the  laser 
pulse  via  a fast  photodiode,  takes  a single  sample  per  laser  shot. 

By  measuring  its  vertical  and  horizontal  deflection  output  voltages, 
respectively,  the  computer  determines  the  intensity  at  the  time  the 
sample  was  taken  and  the  time  interval  between  the  trigger  and  the 
sample  time.  The  computer  stores  the  intensity  in  memory  as  a 
function  of  time  delay  after  the  laser  pulse  and  acc\imulates  an 
average  of  all  samples  taken,  sorted  into  time  delay  intervals  - 
i.e.,  it  functions  as  a signal  averager.  In  addition,  if  the  computer 
is  provided  with  a measurement  of  the  integrated  intensity  of  each 
laser  shot,  it  is  programmed  to  divide  the  signal  by  this  integrated 
intensity  shot-by-shot.  We  hope  by  this  means  to  eliminate  the 
problem  of  noise  due  to  shot-to-shot  fluctuations  in  the  laser  intensity, 
a problem  which  is  inherent  in  this  type  of  (sampling)  approach. 

In  the  next  interval  we  plan  to  use  this  new  apparatus,  which 
is  now  functional,  to  study  collisional  relaxation  and  excitation 
transfer  processes  in  dense  alkali-noble-gas  vapors,  as  well  as  to 
continue  our  investigation  of  the  absorption  and  emission  spectros- 
copy of  these  systems. 

(1)  G.  Moe,  A.  C.  Tam  & W.  Happer,  Phys.  Rev.  Al4,  349  (1976). 

(2)  J.  Pascale  and  J.  Vandeplanque,  J.  Chem,  Phys.  60,  2278 
(1974). 

(3)  A.  V.  Phelps,  "Tunable  Gas  Lasers  Utilizing  Ground  State 
Dissociation,"  Joint  Institute  for  Laboratory  Astrophysics, 
University  of  Colorado,  Report  No.  110,  1972  (Unpublished) . 

(4)  G.  York  and  A.  Gallagher,  "High  Power  Gas  Lasers  Based  on 
Alkali-Dimer  A-X  Band  Radiation, " Joint  Institute  for 
Laboratory  Astrophysics,  University  of  Colorado,  Report  No. 

114,  1974  (Unpublished). 

(5)  A. Gallagher,  private  communication. 

(6)  J.  C.  Gauthier,  F.  Devos  and  J.  F.  Delpech.  Phys.  Rev. 

A14,  2346  (1976). 

(7)  J.  Marek  and  K.  Niemax,  J.  Phys.  B:  Atom,  Molec.  Phys.  9, 

L483  (1976).  “ 
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G.  CONSERVATION  OF  ANGUIAR  MOMENTUM  FOR  LIGHT  PROPAGATING  IN  A 


1 


TRANSPARENT  ANISOTROPIC  MEDIUM. 

(G.  Moe  and  W.  Happer) 

A light  beam  propagating  inside  a transparent  spatially 
uniform  medium  exerts  no  forces  on  the  medium,  even  if  the  medivim 
is  anisotropic,  because  the  light  propagates  in  a straight  line 
without  any  change  of  momentum.  Although  the  light  beam  exerts 
no  bulk  forces  on  the  medium  it  may  exert  bulk  torques.  As  a 
simple  and  well-known  example,  consider  a light  beam  propagating 
at  right  angles  to  the  optic  axis  of  a uniaxial  crystal  (Fig. 24). 

If  the  light  beam  is  initially  linearly  polarized  at  45°  to  the 
optic  axis,  it  will  become  circularly  polarized  after  the  optical 
path  difference  of  the  ordinary  and  extraordinary  waves  is  X/4, 
one  quarter  of  an  optical  wavelength.  Since  the  linearly  polarized 
light  wave  carries  no  net  spin  angular  momentum  while  the  circular- 
ly polarized  light  wave  carries  an  angular  momentum  of  ft  per  photon 
we  see  that  a torque  must  have  been  exerted  by  the  crystal  on  the 
light  wave  to  account  for  the  change  in  angular  momentum. 

Naturally,  the  light  wave  will  exert  an  equal  and  opposite  torque  on 
the  crystal.  This  torque  on  the  crystal  has  been  detected  experi- 
mentally . ( 

The  type  of  interchange  of  angular  momentum  illustrated  in 
Fig.  24  occurs  only  when  the  polarization  of  the  light  is  the  super- 
position of  the  polarization  of  two  eigenwaves  (ordinary  and  extra- 
ordinary in  Fig. 24).  A characteristic  feature  of  this  type  of 
torque  is  the  fact  that  it  alternates  in  direction  as  the  light 
beam  propagates  through  the  medium. 
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Figure  24; 

The  spin  angular  momentum  of  a light  wave  alternates  in 
direction  when  the  polarization  of  the  light  is  a super- 
position of  two  eigenpolarizations . Here  we  have  sketched 
the  polarization  of  a beam  of  light  which  was  originally 
linearly  polarized  at  45°  to  the  optic  axis  of  a uniaxial 
crystal . 
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There  is  another,  less  widely  known  way  for  a light  beam 
to  exchange  angular  momentum  with  a transparent  medium,  even 
when  the  light  wave  is  an  eigenstate  of  polarization.  This 


is  illustrated  in  Fig.  25.  Suppose  that  a uniaxial  birefringent 
crystal  is  cut  at  an  oblique  angle  to  the  optic  axis,  and  suppose 
that  a light  beam  with  the  polarization  of  the  extraordinary  ray 
enters  the  crystal  and  propagates  obliquely  through  the  crystal  in 
accordance  with  Huyghens ' construction.  Then  the  momentum  of  the 
photons  is  hk  and  the  "orbital”  angular  momentum  of  the  photons  is 

L = R X ^k 

Since  the  photon  momentum  is  constant  within  the  crystal  while  the 
photon  position  R changes  at  a rate  equal  to  the  group  velocity 

^ ••4 

'^g  = we  see  that  the  torque  on  the  photon  is  simply 

d L = v„  X flk 

dt  5 

Thus,  any  light  wave  which  propagates  in  a different  direction  from 
the  direction  of  k will  experience  a constant  torque  which  is  given 
by  the  preceeding  very  simple  expression.  Of  course  we  expect  this 
torque  on  the  light  to  be  balanced  by  an  equal  and  opposite  torque 
on  the  medium. 
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Perhaps  the  simplest  conceivable  anisotropic  medium  is  a vapor 
of  spin-polarized  atoms.  Happer  and  Mathur ^suggested,  without 
giving  a general  proof,  that  in  such  a vapor  the  angular  momentum 
of  the  light  is  transferred  directly  to  the  atomic  spins,  it  is  not 
l■•w-di•tely  apparent  that  one  can  ignore  any  angular  momentum  asso- 
a*-d  With  the  recoil  of  the  atoms  after  the  virtual  absorption  and 
••  >r  ;f  the  light.  One  might  also  feel  uneasy  about  the  naive 
« -h*  orbital  angular  momentum  of  the  light  in  terms  of 
• ■ •rraa  instead  of  vector  spherical  harmonics. 
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Figure  25; 

The  orbital  angular  momentum  of  a light  wave  in  an  eigen- 
state of  polarization  can  change  at  a constant  rate  (the 
light  beam  may  experience  a constant  torque) . A "point" 
R of  a ray  of  light  moves  with  a group  velocity  v^  so 
that  the  angular  momentum  L = R x hk  of  a photon  changes 
at  a rate  v y.  fj'k.  The  linear  momentum  hk  of  the  photon 

g 

is  constant. 
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since  there  seems  to  be  no  analysis  of  this  problem  in  the 
literature,  and  since  we  have  had  quite  a few  informal  discussions 
of  the  problem  with  interested  colleagues,  we  thought  it  would  be 
worthwhile  to  present  a more  rigorous  discussion  of  the  interchange 
of  angular  momentum  between  a spin  polarized  vapor  and  a beam  of 
off-resonant  light. 

We  have  completed  a detailed  study  of  this  problem  and  the 
results  will  be  published  in  J.  Phys.  B:  Atom  and  Mol.  Phys. 

(Great  Britain)  JW  (1977).  In  this  paper  we  treated  the  light  as 
a classical  electromagnetic  field  and  we  showed  that  the  classical 
angular  momentum  can  be  expressed  very  naturally  as  the  sum  of  an 
orbital  part  <L>  and  a spin  part  <s),  i.e. 

J'd^r  r X (D  X H)  = <L>  + <S> 

4nc 

Here  D and  H are  the  classical  displacement  vector  and  magnetic 
field  of  Maxwell's  equations  (we  assume  that  B = H) . The  physical 
meaning  of  (s)  and  (l)  is  consistent  with  the  naive  concepts  of  spin 
and  orbital  angular  momentvun  which  were  illustrated  in  Fig.  24  and  25. 

Furthermore  we  showed  that 

6_  Jd^r  -I  Nft<J>  + r X (D  X H)  [ = 0 

dt  4tt  c 

Where  (j)  is  the  mean  angular  momentum  per  atom  and  n is  the 
atomic  number  density  of  the  vapor. 

This  analysis  of  the  conservation  of  angular  momentum  involved 
some  points  of  contention  in  quantum  electrodynamics.  For  example,  it 
is  often  claimed  that  there  is  no  unique  way  to  define  the  spin  and 
orbital  components  of  the  photon  angular  momentxim.  We  have  shown  how 
both  can  be  defined  in  a physically  meaningful  way. 
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This  project  has  been  completed  and  no  further  work  is 
contemplated  in  the  next  interval. 


(1)  R.  A.  Beth,  Phys.  Rev.  115  (1936) 

(2)  W.  Happer  and  B.  S.  Mathur,  Phys.  Rev.  163  12  (1967) 


II.  CHEMICAL  REACTIONS  IN  NON-EQUILIBRIUM 
SYSTEMS  PUMPED  BY  INFRARED  LASERS. 

A.  LASER  TRIGGERED  RELEASE  OF  CHEMICALLY  STORED  ENERGY* 

1.  The  infrared  laser  driven  Isomerization  of  Per f lour o-Dewar  Benzene 
(William  E.  Farneth,  George  Flynn,  and  Nicholas  J.  Turro) 

Per fluor o-Dewar  benzene  (D-Cg  F^)  is  a metastable  form  of 
normal  perfluoro-benzene  C^Fg.  This  compound  is  sufficiently 
stable  to  be  stored  in  decaline  (an  inert  solvent)  for  long  periods 
of  time  but  can  undergo  spontaneous  decomposition  as  the  neat 
liquid.  D-CgFg  has  sufficient  vapor  pressure  that  it  can  be  easily 
studied  at  several  torr  pressure  in  the  gas  phase  where  it  is  quite 
stable.  The  isomerization  reaction  is  simply 


A diagram  of  the  relevant  energy  considerations  for  the  D-C-F,/C,F, 

DO  D b 

chemical  system  is  shown  in  Fig.  26.  The  activation  energy  (E  ) 

cl 

required  to  convert  the  Dewar  form  to  the  normal  form  is  approximately 
28  Kcal/mole  (10,000  cm"Vmolecule)  while  the  overall  reaction  is 
exothermic  by  52  Kcal/mole  (19,000  cm-l/molecule)  or  about  twice  E . 
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Figure:  26 


LASER  DRIVEN  UNIMOLECULAR  DECOMPOSITION 
FLUORINATED  DEWAR  BENZENE 


BENZENE  DEWAR  BENZENE 


2 CO2  ABSORPTIONS  9.6  AND  IO.6/1 
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The  Dewar  form  strongly  absorbs  radiation  from  both  the  I 

9.6ti  and  10.6)i  CO2  laser  bands.  We  have  made  a preliminary  study 

of  the  effects  of  laser  pumping  on  per f luoro-Dewar  benzene  using 

both  Q-switch  and  TEA  type  lasers.  Infrared  fluorescence  from 

D-C,F,  and  isomeric  transformation  of  D-C,F,  to  C,F,  have  both 
6 6 6 6 6 6 

been  observed.  This  system  offers  several  extremely  interesting 

possibilities  for  laser  triggered  release  of  chemically  stored 

energy,  possible  production  of  excited  electronic  states  by  IR 

laser  pumping,  and  IR  laser  photochemistry.  A summary  of  the 

characteristics  of  this  system,  noted  in  our  initial  experiments, 

is  given  below.  i 

a)  Unfocused  TEA  CO2  Laser  Pumping  ^ 

Complete  decomposition  of  D-C^F^  to  C^F^  occurs  with  a single 

2 

laser  shot  (~500mJ,  0.5  MW/cm  ) for  pure  D-C^F^  at  pressures  above 
approximately  2 Torr . All  material  in  the  cell  is  converted  sug- 
gesting a laser  initiated  chain  reaction  mechanism.  Quenching  can 
be  achieved  by  adding  Argon  gas  and  the  chain  reaction  shows  a 
laser  power  threshold  of  ~0.2  Mw/cm^  which  may  only  reflect  limita- 
tions of  the  TEA  laser.  Both  9.6vj  and  10.6m  laser  pumping  leads 
to  isomerization  to 

b)  Focused  Q-Switch  CO2  Laser  Pumping 

The  TEA  laser  experiments  suggested  a rather  low  threshold  for 

isomeric  conversion.  We  then  used  a rather  weakly  focused  (43  cm 

lens)  Q-switch  laser  to  initiate  decomposition  of  D-C,F,,.  The 

b b 

improved  beam  quality  and  shot-to-shot  reproducibility  of  this  laser 
make  threshold  measurements  much  easier  and  more  accurate.  The  pulse 
energy  and  width  were  4.8  mJ  and  1 psec  respectively.  Focused  power 

I 

densities  were  about  50-100  times  larger  than  unfocused  densities.  j 

i 

i 
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Complete  conversion  of  all  D-C^F^  in  the  cell  occurs  in  less  than  100 
laser  shots  at  a power  density  of  ~0.lMW/cm  . Most  likely  this 
actually  occurs  in  a single  laser  shot.  We  are  purchasing  a single 
pulse  selector  to  test  this  point.  The  pressure  threshold  for 
complete  decomposition  is  1.2  Torr  in  pure  D-C^^F^. 

Progressive  (non-chain  reaction)  conversion  of  D-C^F^  to 
CgFg  can  be  achieved  by  the  addition  of  a rare  gas  heat  bath  such 
as  argon.  For  example,  at  a pressure  of  1.7  Torr  D-C^F^  and  0.0 
Torr  argon  about  10%  isomerization  occurs  in  6000  laser  shots  at  an 
average  laser  pumping  power  of  BSmw. 

c)  Unfocused  Q-Switch  CO2  Laser  Pumping 

No  chemical  reaction  (isomerization)  is  observed  with  an 
unfocused  Q-switch  laser.  Infrared  fluorescence  in  the  7U  region 
can  be  readily  detected,  however,  and  this  should  be  very  useful  in 
maping  the  flow  of  vibrational  energy  in  per f luoro-Dewar  benzene. 

Many  questions  remain  to  be  answered  for  this  extremely 

interesting  laser  triggered  isomerization.  We  plan  to  search  for 

phosphorescence  emission  from  the  triplet  states  of  C,F.  which 

o o 

lie  dose  in  energy  to  the  "activated  state"  for  isomeric  D-C,F, 

C^Fg  conversion.  If  intersystem  crossing  occurs  efficiently,  the 
production  of  electronically  excited  states  may  be  significant.  On 
the  other  hand,  if  conversion  from  the  Dewar  to  the  normal  form  takes 
place  solely  on  the  singlet  ground  state  potential  surface,  the 
product  per f luorobenzene  molecules  are  almost  certain  to  be  very  hot 
vibrationally.  Fortunately,  the  infrared  emission  from  the  two 
isomeric  forms  is  readily  distinguishable,  and  we  expect  to  be  able 
to  monitor  IR  chemiluminescence  from  CgF^.  We  also  plan  to  monitor 
the  time  resolved  rate  of  formation  of  C^F^  and  the  rate  of  thermal 
equilibration.  Finally,  the  parameters  (laser  line  and  power,  bath 
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gas  pressure,  etc.)  which  control  the  laser  driven  explosion  of 
per f louoro-Dewar  benzene  will  be  investigated. 

2 . Time  Resolved  Infrared  Laser  Photochemistry  and  Spectroscopy; 

The  Methyl  Fluoride  Sensitized  Decomposition  of  Tetramethyl-l. 
2-Dioxetane.  An  Excimple  of  Infrared  Laser  Induced  Electronic 
Excitation 

(William  E.  Farneth,  George  Flynn,  Richard  Slater,  and  Nicholas 
J.  Turro) 

The  enhancement  of  chemical  reactivity  by  infrared  light 
absorption  has  been  demonstrated  in  a variety  of  systems. Efforts 
to  date  have  fallen  characteristically  into  one  of  two  domains: 

(1)  bunolecular  reactions  involving  selectively  excited  small 
molecules  (2,  3 atoms)  in  which  the  goal  was  to  obtain  detailed 
information  on  the  dynamic  course  of  the  reaction, (2)  bulk 
reaction  studies  in  which  product  identities  and  yields  have  been 
used  to  demonstrate  the  potential  of  IR  laser  excitation  for  pro- 
duction of  unusual,  or  at  least  enhanced,  chemical  reactivity . ^ ^ ^ 

The  competition  between  collisional  energy  transfer  processes  and 
chemical  reaction,  which  plays  a crucial  role  in  determining  the 
mechanism  of  a laser  initiated  chemical  reaction,  can  be  probed 
using  pulsed  infrared  excitation  followed  by  time  resolved  detection 
of  the  reaction  and  energy  transfer  coordinates.  We  have  studied  a 
system  that  is  capable  of  yielding  this  type  of  information,  the  pulsed 
CO2  laser-enhanced  decomposition  of  gas  phase  tetramethyl-l, 2-dexetane 
^ in  a methyl  fluoride  bath.  Methyl  fluoride  is  a "sensitizer"  for 
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infrared  photochemistry  is  extremely  clean,  acetone  being  formed 
quantitatively;  (2)  their  laser  induced  decomposition  of  _1  is 
accompanied  by  the  emission  of  blue  light  “ 410nm.);  (3)  the 
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thermochemistry  of  reaction  1 is  well  established  and  is  such  that 
acetone  may  be  produced  in  an  electronically  excited  state; (4) 
the  reaction  dynamics  can  be  probed  after  excitation  by  monitoring 
time  resolved  visible  emission  from  acetone,  time  resolved  spontaneous 
infrared  emission  from  CH3F,  and  time  resolved  translational  tempera- 
ture changes  (probed  by  the  thermal  lensing  opto-acoustic  technique) ; 

(5,6)(5j  energy  transfer  processes  in  CH^F  are  well  understood 
and  serve  as  a benchmark  for  rate  measurements  in  the  mixture. 

Irradiation  of  mixtures  of  CH^F  (2  to  30  torr)  and  _1  (vapor 
pressure  ~ 1 torr  at  25°C)  with  an  unfocused  CO2  TEA  laser  (1  usee 

pulse  duration;  300  mjoules  per  pulse)  operating  on  the  P2Q  (9.6a) 

line  is  accompanied  by  blue  luminescence  from  the  reaction  cell  and 

results  in  a smooth  conversion  of  to  acetone.  Laser  radiation  at 

this  frequency  excites  only  CH^F  although  the  luminescence  is 

observed  only  when  both  CH^F  and  _!  are  present  in  the  cell.  Thus, 

CH^F  is  a true  photosensitizer  of  reaction  1.  The  thermochemistry 

of  this  "up- conversion"  of  photon  energy  is  displayed  in  Figure  27. 

Typical  blue  luminescence  is  displayed  in  Figure  27a.  Attempts  to 
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Figure  27: 

A partial  energy  level  diagram  for  CH^F.  _1  and  acetone  up 
to  about  32,000  cm”^.  Energy  scale  referenced  to  CH^F  and 
acetone  both  in  ground  vibrational  state.  IT  denotes  the  transition 
state  for  the  decomposition  of  Also  displayed  are: 

(a)  Time  resolved  visible  luminescence  ^ 410nm. ). 

signal  is  inverted  with  respect  to  (b)  and  (c) . The 
small  spike  at  short  time  is  an  instantaneous  spark 
reflected  off  of  the  front  of  the  reaction  cell.  Zero 
on  the  abscissa  represents  the  initiation  of  the  laser 
pulse.  Zero  on  the  ordinate  represents  the  ambient 
signal  level. 

(b)  Time  resolved  3p  infrared  fluorescence.  Zero  on  the 
abscissa  represents  the  initiation  of  the  laser  pulse. 

(c)  Time  resolved  translation  heating.  Zero  on  the  abscissa 
represents  the  inititation  of  the  laser  pulse. 

Time  base  is  5 psec  per  major  division  along  the  abscissa  in 

(a),  (b)  and  (c)  measured  with  F ~ H O ^ ^ torr. 
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generate  luminescence  using  other  CO2  absorbers  as  sensitizing 
agents  (SFg,  C02»  CX:S,  COF2)  failed  in  every  case  except  SF^, 
which  generates  luminescence  at  least  as  effectively  as  CH^F. 

In  two  other  experiments  using  different  experimental  configura- 
tions the  3|a  infrared  emission  emanating  from  the  C-H  stretches  in 
CH^F  was  monitored  using  the  laser  induced  fluorescence  technique, 

(9,10)  translational  temperature  rise  was  monitored  using  the 

thermal  lensing  technique. ^ Typical  results  performed  under 
conditions  identical  to  those  of  the  luiv.lnescence  experiment  are 
also  displayed  in  Figures  27b  and  27c,  respectively.  These  results 
show  clearly  that  reaction  is  initiated  by  IR  absorption  into  CH^F 
and  that  the  visible  light  generated  by  decomposition  of  _1  is  produced 
on  an  energy  transfer  timescale.  The  following  mechanism  serves  as  a 
model  to  explain  these  observations. 


(2) 

CH. 

+ hv  (IR) •CH3F 

(3) 

CH. 

+ 1-^=*  CH3F  + 1 

(4) 

CH- 

+ 1 » i(t'  ) + 1 

(5) 

1' 

+ 

CH3F^=?2(t'  ) + < 

(6) 

/ 

+ 

1 ».  2 1(T'  ) 

(7) 

and/or  1(T  ) •A* 

(8) 

A* ►A  + hv  (vis) 

(9) 

HEAT 

DIFFUSION 
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ABSORPTION  OF  INFRARED  LIGHT 
VIBRATIONAL  (V-V)  ENERGY  TRANSFER 

VIBRATION  TO  TRANSLATION 
(V-T)  ENERGY  TRANSFER 

CHEMIELECTRONIC  EXCITATIONS 
EMISSION  OF  VISIBLE  LIGHT 


In  this  mechanism,  daggers  refer  to  vibrationally  hot,  trans- 
lationally  cold  molecules  and  asterisks  refer  to  electronically 

I 

excited  acetone,  while  T refers  to  species  whose  translational 

I 

temperature  T is  above  the  eunbient  equilibrixom  temperature  of  the 
gas  mixture.  The  thermal  decomposition  of  _1  is  known  to  be 
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chemilvuninescent  due  to  the  efficient  formation  of  A*.  According 
to  our  mechanism,  the  blue  luminescence  should  therefore  correspond 
to  electronic  emission  of  acetone.  Indeed,  the  blue  emission  produc- 
ed in  reaction  1 was  shown  to  be  experimentally  identical  to  acetone 
fluorescence. 

The  rapid  rate  of  deactivation  of  vibrationally  excited  CH^F 
(Figure  27b)  is  probably  due  to  a combination  of  processes  (3),  (4), 

(5)  and  (6).  Process  (4)  should  not  significantly  contribute  to  the 

overall  rate  of  decay  based  upon  vibrational  deactivation  studies  in 
CH^F-rare  gas  mixtures  and  in  pure  CH^F.  In  the  latter  case 

the  overall  deactivation  rate  is  two  orders  of  macmitude  slower  than 
the  rate  observed  here.  On  the  other  hand,  vibrational  energy 

( 12 ) 

transfer  processes  like  (3)  are  known  to  be  rapid  in  many  cases, 
and  (5)  and  (6)  should  also  be  efficient  based  upon  the  number  and 
level  spacing  of  states  in  In  support  of  these  assumptions  we  note 

that  the  rapid  fall  to  the  baseline  in  Figure  27b  and  the  observation 
of  greatly  diminished  3|a  fluorescence  intensity  upon  addition  of  _1 
to  pure  CH^F  indicate  negligible  back  coupling  in  (3)  implying  (5) 
and  (6)  compete  effectively  with  rapid  V-V  processes  in  pure  CH^F.  ' 

Thermal  lensing  data  in  pure  CH3F^  and  CH3F/O2  mixtures 
conclusively  show  that  rapid  V-V  processes  in  pure  CH3F  (=^2|asec.  at 
5 torr)  are  overall  endothermic  (translations  cool) , and  that  laser 
energy  is  stored  in  CH^F  vibrations  on  this  V-V  timescale.  In  contrast 
to  this,  the  rapid  rise  in  translational  temperature  (Figure  27c)  in 
CH3F  - \ mixtures  indicates  that  on  this  same  timescale,  energy 
transfer  is  overall  highly  exothermic  (translations  heat).  These 
results  are  consistent  with  and  support  the  idea  that  (3),  (5),  and 

(6)  rapidly  drain  laser  energy  into  heat.  The  buildup  rate  of 
acetone  luminescence  should  be  governed  both  by  these  processes  and 
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(8).  Based  on  figures  27a  and  27c,  which  show  comparable  risetimes  for 

visible  luminescence  and  translational  heating,  the  rate  of  production 

of  acetone  is  apparently  limited  only  by  the  translational  heating 

rate.  This  observation  is  indicative  of  a "laser  temperature  jump" 

mechanism;  the  rate  of  product  formation  occurs  on  a timescale  com- 

( 14) 

parable  to  (or  slower  than)  the  rate  of  ambient  temperature  rise. 

In  s\ammary,  reaction  1 is  the  first  example  of  an  infrared 
photo-sensitized  chemiluminescent  organic  reaction.  A combination 
of  measurements  of  infrared  flourescence  from  the  photosensitizer, 
of  visible  liaminescence  from  the  primary  product  and  of  the  trans- 
lational temperature  reequilibration  are  consistent  with  a predominant 
"temperature  jump"  mechanism  (eqs.  2-7)  wherein  any  contribution  from 
in  (7)  is  dominated  by  the  contribution  from  l(T').  These  studies 
are  being  extended  to  1,2-dioxetanes  which  directly  absorb  the  laser 
pulse  and  to  other  systems  in  which  a high  energy  content  reaction 
possesses  the  potential  of  infrared  laser  induced  electronic  excita- 
tion. 

We  have  completed  our  study  of  the  sensitized  decomposition  of 
tetramethyl-l,2-dioxetane  by  unfocused  TEA  laser  light.  Further 
work  remains  to  be  done  on  the  direct  decomposition  of  the  deutera- 
ted  species  by  both  focused  and  unfocused  CO2  lasers.  The  deutera- 
ted  compound  absorbs  laser  radiation  quite  strongly  and  there  is 
good  reason  to  believe  that  focused  pumping  may  lead  to  direct  multi- 
photon absorption  with  efficient  visible  light  production. 

*This  work  was  also  supported  by  the  Air  Force  Office  of  Scienti- 
fic Research  (Grant  AFOSR- 74-2589) , by  the  National  Science  Foundation 
(Grants  NSF-MPS70-02165  and  NSF-MPS73-04672  and  NSF-MPS75-04118) , and 
in  part  by  the  Advanced  Research  Projects  Agency  of  the  Department  of 
Defense  monitored  by  the  Office  of  Naval  Research  under  Grant  N00014- 
75-C-1106. 
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B.  METASTABLE  VIBRATIONAL  ENERGY  DISTRIBUTIONS  INDUCED  BY  VIBRA- 
TIONAL RELAXATION  OF  LASER  PtTMPED  POLYATOMIC  MOLECULES.* 

1.  Laser  Fluorescence  Study  of  Vibrational  Enercpy  Equilibration 
in  CH-^F;09  Mixtures;  "Impurity"  Molecules  as  Probes  of  Mode 
To  Mode  Energy  Flow  Pathvays* 

(J.  M,  Preses,  G.  W.  Flynn,  E.  Weitz) 

Laser  induced  fluorescence  studies  of  vibrational  energy 
transfer  have  been  most  useful  in  elucidating  some  of  the  parameters 
•which  are  responsible  for  the  relative  efficiencies  of  various 
relaxation  processes. Considerable  information  is  now  available 
concerning  the  vibration-vibration  (V-V)  and  vibration-translation/ 
rotation  (V-t/R)  behavior  of  many  small  molecules,  particularly 
CH3F.  The  present  work  describes  laser  fluorescence  studies 

of  the  equilibration  of  CH3F  with  O2.  This  investigation  serves 
three  distinct  purposes.  First,  it  provides  data  for  comparison 
of  energy  transfer  processes  in  CH3F/O2  with  those  in  CH^/02  which 
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[ 

I 

1 

I were  investigated  in  a classic  early  laser  fluorescence  study 

employing  the  phase  shift  technique. Second,  it  shows  clearly 
that,  at  least  in  CH2F/O2  mixtures,  all  the  modes  in  CH^F  are 
tightly  coupled  by  collision  processes  in  the  absence  of  infrared 
I radiation  which  might  lead  to  multiple  photon  or  multiple  excita- 

tion effects.  Finally,  by  a careful  consideration  of  vibrational  and 
translational  energy  balance  during  the  equilibration  of  CH^F  and 
©2,  it  can  be  shown  that  the  observed  fluorescence  decay  charac- 
teristics are  consistent  only  with  a limited  number  of  vibrational 
energy  transfer  pathways  in  CH^F.  This  effect,  which  can  be  refer- 
red to  as  "vibrational  quanta  conservation",  appears  to  have  been 
overlooked  as  a powerful  diagnostic  tool  for  determining  energy 

flow  pathways,  at  least  in  small  polyatomic  molecules.  | 

All  experiments  were  performed  on  a standard  CO2  laser  in-  | 

(4 ) 1 

duced  fluorescence  apparatus  which  is  described  in  detail  elsewhere.  ' 

A series  of  experiments  designed  to  elucidate  V-V  processes  in  1 

CH3F-O2  mixtures,  was  performed.  An  energy  level  diagram  for  | 

the  CH3F-O2  system  is  shown  in  Fig.  28.  Fluorescence  was  studied  j 

which  emanated  from  the  C-H  bending  modes  {v2»  at  \ = 6.8(1, 

from  the  overtone  of  the  C-F  stretch  (2V2)  at  X = 5(i , and  from  the  ! 

C-H  stretches  (vj^,  v^)  at  X = 3.3(i.  Following  laser  excitation 
by  the  P(20),  9.6(i  CO2  laser  pulse  of  the  O-V3  CH3F  transition, 
fluorescence  at  all  three  wavelengths  rises  rapidly  to  a peak  value. 

At  typical  pressures  used  in  these  experiments  (~  35:1,  02:CH3F, 
total  pressure  ~ 30-40  torr)  the  risetimes  were  too  fast  to  measure 
((2  (1  sec)  with  any  of  our  available  detectors.  This  risetime  corres- 
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t ponds  physically  to  the  redistribution  of  energy  among  only  the  CH3F 

vibrational  modes  due  to  CH^F-CH^F  and  CH3F-O2  collisions.  Equilibration 
of  CH3F  with  O2  does  not  occur  in  the  fluorescence  risetime  but  rather 
appears  as  a relatively  rapid  decay  of  the  fluorescence  from  its 
peak  value  (typically  ~ 10  nsec  decay  time  at  a total  pressure  of 
35  torr  in  a 35:1,  02:CH3F  mixture).  Following  this  rapid  decay, 
which  corresponds  to  V-V  equilibration  between  the  CH3F  and  O2 
vibrational  manifolds,  the  fluorescence  decays  very  slowly  back 
to  its  ambient  value  due  to  overall  V-T/1^  relaxation  of  the  now 
tightly  coupled  CH3F/O2  system.  A plot  of  these  fast  decay  rates 
versus  total  pressure  in  the  mixture  is  shown  in  Fig,  29  for  all 
wavelengths.  The  slope  of  this  plot,  4.0  0.8  rnsec"^  torr"^, 

is  seen  to  be  identical  for  all  three  fluorescing  wavelengths. 

Thus  the  rate  of  equilibration  of  the  CH^F  and  O2  vibrational  man- 
ifolds, reflected  in  the  fluorescence  decay,  is  the  same  for  all 
three  observed  modes. 

A complete  discussion  of  these  results  is  being  prepared  for 
publication.  The  salient  features  of  this  work  are: 

(1)  On  the  average  140  + 28  CH3P-O2  gas  kinetic  collisions 
are  required  to  transfer  vibrational  energy  from  O2  (v=l)  to  the 
CH3F  (''2''^ 5^  bending  states.  This  compares  with  a value  of 

440  + 40  collisions  for  a comparable  process  in  CH^-02  mixtures. 

(2)  All  observed  fluorescing  CH^F  states  appear  to  equili- 
brate with  O2  at  the  same  rate,  suggesting  that  the  CH^F  vibra- 
tional modes  are  tightly  coupled  by  collisions  in  CH3F-O2  mixtures. 

(3)  Vibrational  quanta  conservation  considerations  in  CH3F-O2 
mixtures  show  that  "impurity"  molecules  (such  as  ©2)  can  be  used 
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Figure  29 


TOTAL 


to  place  a limit  on  the  possible  energy  transfer  paths  which 
couple  the  vibrational  modes  of  a small  polyatomic  molecule 


such  as  CH3F, 
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2.  Laser  Catalyzed  Translational  to  Vibrational  Enercrv  Conversion 
in  CHjF-0^  Mixtures 
(Irwin  Shamah,  George  Flynn) 

Whenever  a gas  phase  molecule  is  promoted  to  an  excited  vibration- 
al state  by  laser  pvimping,  collision  events  act  to  redistribute  the 
excitation  energy  among  the  various  molecular  modes  and  the  transla- 
tional/rotational degrees  of  freedom.  Since  even  mode-to-mode 
collisional  energy  transfer  processes  are  never  exactly  resonant,  this 
energy  redistribution  always  requires  a change  in  the  translational/ 
rotational  energy.  A typical  example  of  such  a process  is  the  vibra- 
tion-vibration (V-V)  energy  transfer  process  which  occurs  in  SO2 
after  laser  pumping  of  the  (1151  cm~^)  symm.etric  stretching  mode. 
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(1) 


S02(v^)  + S02^S02(V2)  + SO2  - 210  cm" 


Every  v molecule  which  undergoes  the  above  process  gains  210  cm” 

of  vibrational  energy  at  the  expense  of  the  translational/rotational 

degrees  of  freedom.  In  general  such  V-V  energy  transfer  events  can 

be  either  endo-  or  exothermic  with  respect  to  the  translational/ 

rotational  degrees  of  freedom.  In  addition,  these  processes, 

whether  endothermic  or  exothermic  usually  occur  quite  rapidly.  For 

example,  reaction  (1)  above  reaches  "equilibrium"  in  approximately 

(1  2) 

135  gas  kinetic  collisions.  ' 

Laser  induced  fluorescence  and  double  resonance  techniques, 
which  probe  the  time  dependent  populations  of  excited  vibrational 
states,  can  be  used  to  obtain  accurate  values  for  energy  transfer 


rates ; 


nevertheless,  neither  of  these  techniques  is  a priori 


sensitive  to  the  translational  energy  changes  which  accompany  a given 
relaxation  event.  As  has  been  pointed  out  recently  and  generally 
recognized  for  some  time,  the  spectrophone  or  other  techniques  which 
employ  the  acousto-optic  effect  are  sensitive  to  both  the  rates 
and  magnitude  (including  sign)  of  translational  energy  changes 
which  accompany  vibrational  relaxation  processes . ^ ^ 

The  time  resolved  thermal  lensing  method,  which  also  employs 
the  acousto-optic  effect,  displays  the  complete  time  dependence 
of  the  translational  energy  changes  in  a gas  following  laser  ex- 
citation. ^ This  technique  is  also  sensitive  to  the  magnitude 

and  sign,  as  well  as  the  rate,  of  translational  energy  fluctuations. 
The  magnitude  and  sign  of  these  translational  energy  changes  act  as 
a fingerprint  which  can  be  used  to  identify  a particular  vibration- 
vibration  (V-V)  or  vibration- translation/rotation  (V-T/lt)  energy 
transfer  event.  In  the  present  work  we  have  utilized  the  thermal 


lens  method  to  study  translational  energy  changes  in  mixtures  of 
CH^F  and  following  laser  excitation  of  the  CH^F  (v^)  C-F 
stretching  mode.  In  such  mixtures  an  enormous  enhancement  in 
translational  cooling  is  observed  during  V-V  equilibration 
compared  to  that  measured  for  pure  CH^F.  The  magnitude  and 
variation  of  this  cooling  with  O2  mole  fraction  provides  evidence 
which  defines  the  V-V  energy  transfer  pathways  in  CH^F  unambigu- 
ous ly . 

To  date  complete  energy  transfer  maps  have  not  been  determined 
for  molecules  more  complicated  than  triatomics.  Such  maps  define 
the  vibrational  temperatures  of  each  state  in  a gaseous  molecule 
which  has  reached  a vibrational  steady  state  after  laser  pumping. ^ 

A knowledge  of  such  temperatures  bears  directly  on  the  interpre- 
tation and  prediction  of  laser  induced  "infrared  photochemistry" 
effects  and  on  the  development  of  new  polyatomic  infrared  laser 
devices. 

As  illustrated  above  for  SO2  in  reaction  (1),  an  endothermic 
V-V  process  can  act  to  raise  the  vibrational  energy  of  a gas  at 
the  expense  of  the  translational  energy.  In  CH2F/O2  mixtures 
which  contain  a large  excess  of  02»  this  effect  can  be  exagger- 
ated to  the  extent  that  the  incident  laser  excitation  energy  is 
converted  to  a vibrational  excitation  energy  one  and  a half  times 
its  initial  value.  In  essence  this  enhancement  of  the  vibrational 
energy  occurs  by  forcing  translational  energy  into  the  vibrational 
degrees  of  freedom.  At  first  glance  this  increase  in  the  separation 
of  vibrational  and  translational  energies  would  not  be  expected  to 
occur  spontaneously;  however  rapid  redistribution  of  vibrational 
energy  is  known  to  occur  following  laser  excitation.  The  present 
experiments  demonstrate  that  such  an  enercetically  unfavorable 
process  can  occur  by  permitting  the  system  to  increase  its  overall 
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randomness.  This  leads  to  a storage  of  excess  vibrational  energy  in 
a translationally  cold  gas  at  least  for  short  periods  of  time.  The 
apparatus  used  in  these  experiments  has  been  described  in  detail 
elsewhere. The  signals  obtained  were  unusually  large.  Fig- 
ure 30a  shows  a signal  obtained  for  80.0  torr  of  a 1/267  mixtvire 
of  CH2F/O2.  This  corresponds  to  a partial  pressure  of  CH^F  of  only 
300  mtorr.  Excellent  signals  were  obtained  for  this  mixture  at 
total  pressvares  of  40  torr  or  less.  In  pure  CH^F  essentially  noise 
free  signals  were  obtained  for  pressures  as  low  as  500  torr. 

A hypothetical  thermal  lensing  signal  is  illustrated  in 
fig\are  30b.  The  curve  traces  out  the  time  dependence  of  the 
translational  energy  of  a gas  following  laser  excitation.  A rising 
curve  represents  an  increasing  translational  energy  or  heating,  while 
a falling  curve  indicates  the  gas  is  cooling.  For  the  curve  shown 
in  figure  30  the  gas  initially  cools  as  it  undergoes  V-V  equili- 
brium and  then  heats  as  the  necessarily  exothermic  V-T  processes 
take  over.  The  minimum  indicates  that  a V-V  steady  state  has  been 
reached.  The  rising  portion  of  the  curve  below  the  initial  base- 
line represents  the  return  of  the  heat  which  was  lost  to  the 

vibrational  degrees  of  freedom  during  the  endothermic  V-V  process, 
to  the  translational  and  rotational  degrees  of  freedom.  The  re- 
maining portion  of  the  rise  above  the  baseline  is  the  net  trans- 
lational heating  resulting  from  the  absorption  of  the  laser 

radiation  by  the  gas.  On  a longer  time  scale  this  net  heating  will 
decay  back  to  the  baseline  as  thermal  conduction  and  mass  diffusion 
to  the  walls  cause  the  hot  gas  to  cool  Lack  to  ambient  conditions. 

The  magnitude  of  the  net  energy  increase  above  the  baseline  is 
simply  the  product  of  the  laser  pump  energy  per  photon  times  the 
number  of  photons  absorbed  by  the  gas.  This  quantity  is  always 
the  same  for  a given  power  absorbed  and  is  not  dependent  on  the 
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Figure  30; 
a) 


(Upper)  Sample  experimental  thermal  lensing  signal 
obtained  for  CH^F/O-  1/267  mixture,  b)  (Lower) 

Hypothetical  thermal  lensing  curve  showing  translational 
energy  changes  during  V-V  and  V-T  equilibrations.  For 
the  signal  shown  the  amplitude  below  the  baseline  represents 

) , peak-to- 
ind  their 
laser 
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specific  collisional  pathway  followed  in  equilibration.  On  the 
other  hand  the  cooling  amplitude  which  reflects  the  total  transla- 
tional energy  loss  resulting  from  V-V  equilibrium  is  entirely  path  h 

dependent.  I 

Cooling  amplitudes  have  been  examined  for  various  mole  | 

fraction  mixtures  of  CH2F/O2 . An  enhanced  cooling  has  been  ob-  } 

served  over  equivalent  mixtures  of  pure  CH^F,  and  CH^F/Ar.  Figure 
31  shows  thermal  lensing  signals  for  equivalent  pressures  of  the 
mixtures  CH3F/Ar  (1:31.1),  CH3F/O2  (1:10.1),  CH3F/O2  (1:31.3), 
and  CH^F/0»  (1:269.3).  The  cooling  in  the  CH  F/Ar  mixture  is  very 

3 I 

close  to  the  cooling  in  pure  CH^F,  while  the  ©2  mixtures  show  a ■ 

large  increase  in  cooling  relative  to  heating.  i 

i 

A complete  discussion  of  these  results  is  being  prepared  for  ' 

publication.  The  major  conclusions  which  follow  from  the  experiments 
and  discussion  are  described  below.  1 

CH2F/O2  mixtures  have  been  found  to  exhibit  an  enhanced  trans- 
lational cooling  over  pure  CH^F.  The  amplitude  of  this  cooling 
increases  with  increasing  O2  mole  fraction.  Equivalent  mixtures 
of  CH^F/Ar  show  a cooling  amplitude  which  is  similar  to  that  of 
pure  CH^F  and  independent  of  the  mole  fraction  of  Ar.  Since  the 
cooling  amplitude  is  sensitive  to  the  particular  V-V  equilibration 

f 

pathway  in  CH^F,  these  results  support  the  presence  of  the  following 
endothermic  vibrational  energy  transfer  channel  in  pure  CH^F: 

CH^F  (V3)  + CH3F;:±  CH3F  (Vg)  + CH3F  - 133  cm"^ 

CH3F  (Vg)  + CH3F^±^  CH3F  + CH3F  - 284  cm"^ 

A knowledge  of  the  energy  transfer  pathway  yields  an  unam- 
biguous description  of  the  V-V  steady  state  thermodynamic  para- 
meters, and,  along  with  the  energy  transfer  cross  sections,  de- 
termines the  complete  kinetic  behavior  of  the  system.  In  par- 
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Figure  31; 


Equal  pressure  thermal  lensing  signals  for  various 
CH^F/X  mixture  showing  a marked  increase  in  cooling 
amplitude  with  increasing  mole  fraction  of  oxygen. 


ticular  the  pathway  defines  the  various  vibrational  and  trans- 
lational/rotational temperatures  which  alone  are  sufficient  to 
quantitatively  describe  the  V-V  steady  state.  Because  of  the 
endothermic  steps  in  the  pathway  for  CH^F  V-V  equilibration, 
vibrational  mode  3,  the  C-F  stretch,  has  a higher  vibrational 
temperature  and  contains  more  energy  than  the  remaining  modes  at 
V-V  equilibrium.  This  fact  suggests  that  future  laser  chemistry 
efforts  in  CH^F  should  concentrate  on  cleaving  the  C-F  bond. 

V-V  equilibration  in  CH^F  is  a spontaneous  process  leading 
to  a steady  state  separation  of  vibrational  and  translational/ 
rotational  temperatures.  A simple  argviment  using  a three  level 
model  demonstrates  that  the  iso-energetic  separation  of  temper- 
atures is  accompanied  by  an  increase  in  entropy.  It  is  this 
increase  in  overall  randomness  that  provides  the  driving  force 
which  enables  CH^F  to  tcike  the  energetically  unfavorable 
endothermic  pathway. 

At  very  high  O2  concentrations  in  CH2F-O2  mixtures,  the 
endothermic  V-V  processes  act  to  convert  each  absorbed  laser 
photon  of  1049  cm~^  energy  to  a vibrational  energy  content  of 
1556  cm”^.  The  difference  between  the  absorbed  and  steady 
state  vibrational  energies  is,  of  course,  supplied  by  the 
translational/rotational  degrees  of  freedom. 

The  vibrational  temperatures,  which  are  controlled  by 
the  energy  transfer  pathway  in  CH^F,  can  lead  to  population 
inversion  between  modes  for  an  optically  pumped  gas  at  vibra- 
tional steady  state. 
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3.  Trapped  Metastable  Vibrational  Enercry  Distributions  in  Laser  Pnmped 
Molecules* 

(Irwin  Shamah,  George  Flynn) 

Laser  assisted  unimolecular  decompositions  have  been  recently 
reported  which  suggest  that  for  some  molecules  absorbed  laser 

energy  is  highly  localized  in  at  most  a small  number  of  vibra- 

(12)  (3) 

tional  modes,  ' 'Although  certain  molecules  ' (e.g.  CO2*  N2O, 

and  SO2)  are  known  to  require  many  thousands  of  collisions  to 
transfer  energy  between  vibrational  modes,  such  an  occurrence  is 
in  fact  a rarity.  Indeed,  for  the  kinds  of  molecules  and  pressure 
regimes  used  in  the  laser  decomposition  experiments,  coraplete  inter- 
I mode  energy  equilibration  involving  the  entire  vibrational  manifold 

i is  expected  to  occur  within  a laser  pulse-width. ^ Thus  the  obser- 

vation of  highly  localized  energy  distributions  under  such  conditions 
is  startling.'  'Nevertheless,  for  at  least  some  laser  pumped 
molecules,  intermode  relaxation  processes  involving  all  modes  can 
occur  and  still  lead  naturally  to  localization  of  energy  in  a small 
number  of  vibrational  modes.  Such  distributions  require  thousands 
of  collisions  to  reach  equilibrium  with  the  translational  and  ro- 
tational degrees  of  freedom.  Thus  the  normal  energy  distribution 
characterized  by  a single  temperature,  that  is  expected  for  a gas 
heated  by  a Bunsen  burner,  does  not  necessarily  apply  to  a laser 
pumped  gas.  Pulsed  laser  heating  leads  automatically  to  a sub- 
stantial separation  of  vibrational  and  translational  tempera- 
tures which  lasts  for  a time  of  the  order  of  the  overall  vibration- 
translation/rotation  (V-T/R)  relaxation  time.  In  addition  the 
intermode  energy  equilibration  processes  which  occur  either  during 
or  shortly  after  the  laser  pulse  almost  always  require  the  exchange 
of  a small  amount  of  energy  with  the  translational  degrees  of 
' freedom.  Under  such  conditions  the  energy  distribution  in  the 
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vibrational  modes  cannot  be  described  by  a single  temperature.'  ' ' 
Nevertheless,  once  the  dominant  kinetic  processes  which  couple 
the  various  vibrational  modes  are  known,  the  vibrational  tempera- 
tures of  all  the  modes  are  well  defined  in  the  harmonic  oscillator 
limit.  ' ^These  features  can  lead  to  a highly  localized  metastable 
vibrational  energy  distribution  as  illustrated  below  for  CH^F. 

The  laser  excitation  and  subsequent  dominant  vibrational 

equilibration  pathways  coupling  the  fundamental  modes  of  CH^F 

^ ,,  (9-14) 

are  as  follows;'  ' 

Charac- 

teristic 

Time  Reaction 


"p 

CH3F(0)  + hv^-*  CH3F(v3) 

(1) 

f CH3F(V3)  + CH3F;ICH3F(v^)  + CH^F  - 

133  cm  ^ 

(2) 

j CH3F(Vg)  + CH3F^?CH3F(v2,v^)  + CH^F 

- 284  cm” ^ 

(3) 

' W 1 

2 CH3F(v2,V3)  CH3F  (2v2,2v3)  + CH^ 

F(0) 

(4) 

i 

CH3F(2v,2v^)  + CHjF*::?  CH3F(Vj^,v^)  + 

CH3F  - 60  cm"^ 

(5) 

T 

VT 

CH3F(v3)  + CH3F— ^ CH3F  (0)  + CH3F  + 

1049  cm"^ 

(6) 

—6 

The  typical  laser  pulse  width  Tp  is  about  10~  sec  while  the  four 
vibration-vibration  (V-V)  intermode  equilibration  processes 
( (2)  - (5)  ) can  be  considered  to  reach  steady-state  in  about  75 
gas  kinetic  collisions  (7x10  ^ sec  at  one  torr ^ ^ However , the 
V-T/R  process  (6),  which  restores  an  energy  distribution  characteris- 
tic of  Bunsen  burner  heating,  typically  takes  15,000  gas  kinetic 

-3 

collisions  (1.4  x 10  sec  at  one  torr)  under  low  level  laser  excita- 
tion conditions.  Thus  the  highly  specialized  conditions  which  exist 

in  laser  pumped  CH^F  at  vibrational  steady-state  after  a time 

persist  for  a time  which  is  at  least  three  orders  of  magnitude 

longer  than 
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The  steady-state  equilibrium  constant  for  process  (2)  in 
the  time  domain  <t<  leads  to  the  following  relationship  ^2 ) 


VT 


K 


eq 


=2e-“3AT' 


(7) 


with  defined  by 

i 


(3) 


/ » 9^  * are  the  energy,  vibrational  temperature,  de- 


generacy and  population  of  level  v^,  respectively;  is  the 

-1 


ground  state  population,  and  k is  Boltzmann's  constant  (cm~  /K) . 
T'  is  the  steady-state  translational/rotational  temperature  which 
is  less  than  the  ambient  temperature  T since  the  intermode 


equilibration  pathway  for  CH^F  requires  a loss  of  translational 
(15) 


energy.  ' Equation  (7)  merely  illustrates  that  the  equilibrium 

constant  at  steady-state  is  defined  by  the  bath  temperature  T' 
whereas  the  vibrational  state  populations  are  defined  by  their 
respective  vibrational  temperatures  or  energies.  Equation  (7) 
gives  immediately  the  result: 


■ V*V,^vJ  = (-133A'). 

3 3 6 6 


(9) 


This  analysis  can  easily  be  performed  on  the  remaining  V-V  pro- 
cesses to  yield  equations  relating  all  of  the  six  mode  fundamental 
temperatures  with  each  other  and  the  translational  temperature. 

The  remaining  vibrational  state  temperatures  are  linear  combina- 
tions of  the  mode  fundamental  temperatures  in  the  harmonic 
oscillator  approximation.  In  addition  the  requirement  of  con- 
servation of  particles  and  total  energy  at  steady  state  leads  to  a 
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relation  between  the  fundamental  temperatures  and  the  initial 
experimental  conditions.  The  distribution  of  fundamental  tem- 
peratures can  thus  be  obtained  in  terms  of  the  input  laser  energy 
by  combining  the  temperature  and  conservation  equations  and  solv- 
ing iteratively  on  a computer . ^ ^ Since  the  steady-state  vi- 
brational energy  expressions  are  functions  of  the  vibrational 
temperatures  and  the  translational/rotational  energy  is  3kT', 

(17) 

the  entire  steady-state  energy  distribution  can  be  calculated. 

Figure  32  presents  a comparison  of  the  Boltzmann  equili- 
brium energy  distribution  in  CH^F  with  the  laser  induced  steady- 
state  distribution  for  the  input  energy  range  equivalent  to 
0-9kcal/mole  (0-3  photon^  absorbed  per  molecule).  The  upper 
plot  represents  the  case  where  the  added  en«rgy  is  divided  among 
the  various  degrees  of  freedom  according  to  the  equilibrium 
equipartition,  Boltzmann  description.  The  lower  plot  represent- 
ing the  pulsed  laser  heating  V-V  equilibrated  case  differs  sub- 
stantially from  the  Bunsen  burner-like  expectations.  Here  the  | 

translational/rotational  energy  is  slcwly  decreasing  with  in- 
creasing input  energy  reflecting  the  fact  that  the  relaxation 
pathway  is  translationally  endothermic.  The  C-H  stretches 
receive  practically  no  excitation  while  the  C-F  stretch  is 
overwhelmingly  enhanced  compared  to  the  remaining  vibrational 
modes,  particularly  at  excitation  levels  greater  than  4.5  kcal/ 
mole  (1.5  photons  per  molecule).  Therefore  CH^F  in  this  high 
excitation  regime  will  trap  most  of  the  input  laser  energy  in 
the  mode  for  a period  lasting  for  thousands  of  gas  kinetic 
collisions.  The  overall  features  of  the  distinctive  laser  in- 
duced energy  distribution  of  Fig.  32  have  also  been  observed  ex- 
perimentally.  ' Similar  results  have  been  obtained  independently  for 
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Figure  32; 

(Upper)  Plot  of  the  average  energy  in  the  transla- 
tional, rotational  and  vibrational  degrees  of  freedom 
of  CH^F  vs.  added  energy.  A Boltzmann  equilibrium  at 
a single  temperature  and  harmonic  oscillator  states 


is  assianed.  ^^RANS  translational 

and  rotational  energies,  is  the  total  average 

vibrational  energy  and  is  the  mean  vibrational 
energy  of  mode  i. 


(Lower)  Plot  of  the  average  energy  distribution  in 
CH^F  vs.  laser  input  energy  for  a system  at  vibration- 
vibration  equilibrium  obeying  the  energy  transfer 
mechanism  of  Eqs.  (1)  - (5).  3 kcal  per  mole  is  equi- 
valent to  1 laser  photon  absorbed  per  molecule.  The 
calculated  curves  neglect  vibration-translation/ 
rotation  relaxation. 
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laser  pumped  CCl^F  ' ' using  the  CH^F  model  ' ' and  an  assvimed  energy 

transfer  path  with  constcint  translational  temperature. 

The  assumption  of  a vibrational  steady-state  in  which  the 
molecular  modes  are  equilibrated  with  each  other  but  not  with  the 
translational  and  rotational  degrees  of  freedom  is  not  the  only 
model  nor  the  only  effect  which  can  lead  to  vibrational  energy 
localization.  Nevertheless,  the  effects  which  are  described 

here  for  CH^F  are  quite  general.  Any  laser  pumped  polyatomic 
molecule  which  undergoes  nonresonant  mode-to-mode  equilibration 
processes  much  faster  than  the  overall  V-T/R  relaxation  can  exhibit 
highly  localized  metastable  vibrational  energy  distributions. 

♦Work  also  supported  by  the  National  Science  Foundation  under 
grant  number  MPS75-04118. 
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CH^F,"  submitted  for  publication. 

(19)  S.  Mukamel  and  J.  Ross,  "Comment  on  Non-Statistical  Behavior 
in  Laser  Chemistry  and  Chemical  Activation",  private 
communication. 

(20)  R.  V.  Ambartsumyan,  Yu.  A.  Gorokhov,  V.  S.  Letokhov,  and 
G.  N.  Makarov,  JETP  LETT.,  2^,  171  (1975);  JETP  LETT.,  7^, 

43  (1975). 
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III.  lASER  STUDIES  OF  MOLECUIAR  ENERGY 
TRANSFER 


L 


A.  ELECTRONIC -TO-VIBRATIONAL  ENERGY  TRANSFER* 

1.  Dye  Laser  Excited  Electronic-to-Vibrational  Energy  Transfer; 

Br*(4^P^^)-’0CS 

(S.  Lemont,  G.  W.  Flynn) 

Over  the  past  several  years,  a great  many  studies  have  been 
made  concerning  the  quenching  of  fluorescence  from  excited 
electronic  energy  levels. ^^^Lasers  have  played  an  important  role 
in  many  of  these  experiments  since  they  are  powerful  light  sources 
which  can  be  used  to  selectively  excite  a significant  fraction  of 
molecules  into  specific  vibration-rotation  levels  of  an  upper 
electronic  state.  However,  most  of  the  quenching  experiments 
performed  to  date  have  given  us  little  information  concerning  the 
states  into  which  electronic  energy  is  channelled.  Comprehensive 
studies  of  the  transfer  of  energy  from  excited  vibrational  states 
of  the  ground  electronic  state  to  other  vibrations,  and  to  the 

(2 ) 

translational  and  rotational  degrees  of  freedom  have  been  made. 

The  information  obtained  from  these  experiments  is  fairly  well 
understood.  On  the  other  hand,  relatively  few  experiments  have 
been  performed  which  have  proved  the  existence  of  energy  transfer 
between  excited  electronic  levels  and  molecular  vibrations,  rota- 
tions and  translations. 

We  have  made  a detailed  kinetic  analysis  of  electronic-to- 
vibrational  energy  transfer  from  Br  (4  Pj^)  to  the  polyatomic 
molecule,  OCS.  Following  dye  laser  photodissociation  of  Br2  in 
bromine-carbonyl  sulfide  mixtures,  infrared  fluorescence  from  the 
(C-0  stretch)  mode  of  OCS  was  observed  at  4.8^.  (See  Fig.  33) 

A schematic  diagram  of  the  apparatus  used  in  the  study  of  electronic- 
to-vibrational  energy  transfer  is  shown  in  Fig.  34.  A nitrogen- 
p\imped  laser  was  used  to  dissociate  bromine  molecules.  Using  the 
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Figvire;  33 

A partial  vibrational  energy  level  diagram 
for  OCS . All  levels  up  to  an  energy  of 
approximately  4250  cm  ^ are  included.  The 
position  of  the  Br  (4  Pj^)  state  is  shown 
by  the  dashed  line. 


ENERGY  (cm"') 


Figure  33: 
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Figure  34:  Apparatus  used  for  the  study  of  electronic-to-vibrational  energy  transfer. 
(F  = infrared  bandpass  filter) 


r 

dye  7-difethylamino-4-methylcouinarin  at  its  wavelength  of  mcucimum 

o 

power,  4570  A,  the  dye  laser  produced  approximately  75  kW  and  a 
laser  pulse  energy  of  450nj.  Under  these  conditions,  the  partial 
pressure  of  Br  at  the  instant  of  laser  excitation  was  cibout  1% 
that  of  Br2  at  a bromine  pressure  of  1 torr.  The  laser  had  a pulse 
width  of  about  6 nsec  (FWHM)  and  operated  at  a repetition  rate  of 
10  Hz. 

The  gas  mixtures  were  contained  in  a sample  cell  made  of 
square  Pyrex  tubing  (4  cm  x 4 cm)  with  circular  0-ring  end  joints 
which  were  large  enough  so  that  the  laser  beam  could  pass  as 
close  to  the  cell  wall  as  possible.  A germanium  fluorescence 
window  was  used  on  the  sample  cell  to  block  scattered  laser 
light  to  which  the  infrared  detector  was  sensitive. 

Following  Br2  photodissociation  by  a dye  laser  pulse,  the 
subsequent  infrared  emission  was  viewed  normal  to  the  excitation 
axis  by  a photovoltaic  InSb  detector  (77°K)  with  a matched  amplifier. 
These  components  were  enclosed  in  an  aluminum  chassis  box  to  shield 
against  most  of  the  RF  noise  from  the  pulsed  nitrogen  laser. 

A 4.812-ij,  0. 16-^1  bandwidth,  narrow  bandpass  filter  (see  F in  Fig. 

34)  was  used  when  observing  OCS  fluorescence  from  the  funda- 
mental at  4.8(i.  For  experiments  where  fluorescence  from  Br 
2 

(4  P]^)  at  2.7|a  was  observed,  a 3-|i  bandpass  filter  with  a 1-ti 
bandwidth  (2.5-3.5n)  was  used  to  discriminate  against  the  much 
stronger  OCS  fluorescence. 

The  signals  from  the  InSb  detector  were  further  amplified  with 
a wide  bandwidth  (IMHz)  amplifier  and  averaged  by  a wide  bandwidth 
(25  MHz)  digital  signal  averaging  system  consisting  of  a Biomat ion 
8100  transient  recorder  connected  through  a digital  interface  to  a 
Tracor  Northern  NS-575A-2  Digital  Signal  Analyzer.  The  signal  averager 
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was  triggered  by  a timing  pulse  from  the  N2  laser  trigger 
generator.  With  the  detector  loaded  to  50  ohms,  the  risetime 
of  the  data  acquisition  system  was  about  l^sec. 

RESULTS  AND  DISCUSSION 

2 

a)  Quenching  of  Br  (4  Pj^) 

2 

Although  extremely  weak,  fluorescence  at  2.1\x  from  Br  (4  » 

henceforth  called  Br,  could  be  observed  after  considerable  signal 
averaging.  Br  was  significantly  deactivated  by  the  two  major 
components  of  all  the  gas  mixtures  studied,  Br2  and  OCS.  From 
observations  of  the  decay  of  2,l\i  Br  fluorescence  in  this  pressure 
range  as  a function  of  Br2  pressure,  a rate  of  26  + 6 msec”^ 
torr”^  was  found  for  the  deactivation  of  Br  by  Br2. 

The  rate  of  deactivation  of  Br  by  OCS  was  found  to  be 
47  + 11  msec~^  torr”^.  In  addition  to  electronic-to-vibrational 
energy  transfer,  this  rate  includes  small  contributions  from 
electronic-to-translational  and  rotational  (E-T/R)  energy  transfer 
in  Br-OCS  collisions,  as  well  as  quenching  effects  by  impurities 
in  the  OCS  sample.  The  major  impurity,  CO2,  which,  at  equili- 
brixim,  is  present  at  about  1.1%  of  the  total  OCS  pressure  because 
of  disproportionation  has  been  found  to  quench  Br  fluorescence  at 
a rate  of  approximately  490  + 30  msec~^  torr”^.  Subtraction  of 
this  contribution  from  the  present  Br-OCS  quenching  rate  leaves 
39  + 11  msec  ^ torr”^. 

b)  Br-OCS  E-V  and  Subsequent  OCS-OCS  V-V  processes 

Following  dye  laser  photodecomposition  of  bromine,  weak 
infrared  fluorescence  was  observed  from  OCS  at  4.8u.  About  95% 
of  this  fluorescence  was  absorbed  by  50  torr  of  OCS  placed  in  a 

IDS 


4 


2-cm  path  length  cold  gas  filter  cell  between  the  sample  cell  and  the 
InSb  detector,  indicating  that  the  infrared  emission  from  Cx:s  results 
primarily  from  a transition  from  to  the  ground  state. 

The  usual  way  of  analyzing  the  experimental  fluorescence 
signals  is  as  follows:  First,  the  decay  rate  is  determined  by 
fitting  the  semilog  plot  of  the  exponential  decay  to  a straight 
line.  Next,  the  decaying  exponential  is  extrapolated  to  short 
time.  This  provides  a baseline  for  a semilog  plot  of  the  fluores- 
cence rise.  If  this  is  done,  and  the  rates  of  rise  and  decay  of 
OCS  fluorescence  for  each  signal  are  plotted  vs.  OCS  pressure, 
then  the  rate  constants  obtained  from  the  slopes  of  these  straight 
line  plots  are  99+5  msec”^  torr”^  and  32+1  msec”^  torr~^  for 
the  rates  of  rise  and  decay,  respectively.  Note  that  these  rise 
and  decay  rates  differ  by  only  a factor  of  three,  and,  since  they 
are  so  close  in  magnitude,  analysis  of  the  data  by  the  method 
described  above  does  not  yield  accurate  results. 

The  problem  under  consideration  is  thus  to  recover  from  ex- 
perimental data  the  rate  constants  and  Kj^  in  an  expression  of 
the  form 

[oCS(V2)]  ~ [exp(-Kj^t)  - exp  (-K^t)]  (1) 

V/here  and  Kj^  are  the  actual  rates  of  filling  and  emptying  of 
v^,  respectively.  Furthermore,  m Kj^,  and,  since  this  is  the 
case,  a natural  paraimeter  of  smallness  for  this  system  is 

^*^a  ^^a  " (2a) 

(Ka  + K^)/2  - (K^  - Kj^)/2  (2b) 

gives 


Kewr icing 


= 


and 
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[OCS  (V2)]~exp  [-^^a  tjlexpC^^a  ~ tl  - exp tl  1 


(3) 


exp  L + t J can  be  expressed  in  terms  of  a power  series; 

2 

and,  since  and  Kj^  are  close  in  magnitude,  at  short  times  we 
can  neglect  second  and  higher  order  terms.  Equation  (3)  may  now 


be  rewritten  as 


[OCS  (Vj)]  ~ (K^-K,,)  t e*p 


‘1 


(4) 


[OCS  (v_)]  . represents  points  on  the  rising  part  of  the 

•J  jT  X S € 

fluorescence  signal  where  t is  small.  Dividing  through  by  t 
and  taking  the  logarithm  of  both  sides  of  Equation  (8),  we 
obtain 

[ocs  (V  )1 


In 


rise 


t + C 


(5) 


The  constant  C is  a combination  of  K^,  Kj^  and  the  amplitude  of 
the  fluorescence  signal.  Thus,  a plot  of  the  factor 
In  {[ocs  /t}  vs.  t should  be  a straight  line  with  a 

slope  which  is  the  average  of  the  two  rate  constants. 

The  rate  of  deactivation  of  Br  by  OCS,  39  + 11  msec”^ 
torr”^,  is  the  limiting  rate  of  filling,  K , of  the  v_  state  of 
OCS,  Since  a plot  of  In  { [ocS  (v-)]  . /t]  vs.  t would  give  us 

^ X X S 0 

+ Kj^  (see  Equation  (5)  ),  we  can  find  Kj^  from 


- 39 

After  application  of  the  above  deconvolution  procedure,  the 
corrected  rate  constant,  Kj^,  for  the  emptying  of  the  state  of 
OCS  was  found  to  be  47  + 14  msec”^  torr~^. 


(6) 


HO 


The  final  vibrational  teirperatxires  of  the  OCS  fundeiinentals 
were  calculated  based  on  the  supposition  that  states 

2 

(•(,,  m,  n = 0,  1,  2,  . . . ) near  Br  (4  Pj^)  are  excited  and  then 

rapidly  decoinpose  to  give  m V2  arid  n quanta.  The  results 

of  these  calculations,  shown  in  Table  III,  illustrate  that  any 

state  having  at  least  one  quantiim  of  will  eventually  end  up 

giving  T > T^  , T , where  T is  the  vibrational  temperature  of 
^3  1 2 i 

the  mode  Only  those  states  with  n = 0 end  up  giving 

Tm  < T , T^  . Since  the  filling  of  v is  at  the  E-V  rate,  39 
^ ^ -1  ^ -1 

+ 11  msec  torr  , the  E-V  transfer  cannot  populate  exclusively 


a mode  or  state  of  the  type  iv + 11^2  (e.g.,  7^2*  + 2V2, 

2v-j^  + 4V2,  etc.),  but  must  also  excite  at  least  one  state  of  the 
type  + itW2  "*■  11^3  with  n > 1 in  processes  such  as 

Br  + OCS  (0) 

> Br  + OCS(2v3)  - 416  cm"^  (7) 

> Br  + 0CS(2vj^  + V3)  - 84  cm~^  (8) 

> Br  + 0CS(3V2  + v^)  + 70  cm"^  (9) 

» Br  + 0CS(Vj^  '^2  ^3^ 

> Br  + 0CS(Vj^  + 2v2  + '^3)  " 252  cm”^  (11) 

The  filling  of  such  overtones  or  combination  states  is  not  unlikely  since 
it  has  been  demonstrated  that  in  the  transfer  of  energy  from  Br  to  CO2,  the 
(10°1)  state  and  perhaps  the  (02°1)  state  receive  a large  fraction  of  the 
Br  excitation  energy,  enough  for  these  to  be  the  upper  states  of  lasing 
transitions  in  the  E-V  pvimped  Br  -CO2  laser.  Transfer  of  energy  to  2\>  ^ 
and  2Vj^  + involve  the  smallest  changes  in  the  number  of  quanta,  and 
these,  as  well  as  other  combination  states,  will  rapidly  populate  the 
state  after  collision  with  a groimd  state  OCS  molecule  by  the  extremely 
efficient,  near-resonant  processes 
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TABLE  III 


Vibrational  Temperatures^  of  OCS  Fundamentals 
After  E-V  Excitation  by  Br 


OCS  Energy  Level 

Tvj^(°K)’" 

Tv2(°K) 

TV3(°K) 

4Vi 

496 

298 

298 

5^1 

536 

298 

298 

•^2 

298 

463 

298 

298 

298 

873 

^1-^5V2 

362 

416 

298 

V1+6V2 

362 

440 

298 

2Vi+3v2 

411 

369 

298 

2v  j^+4v  2 

411 

393 

298 

3Vi+2v2 

455 

347 

298 

3Vi+3V2 

455 

369 

298 

4Vi-K;2 

496 

323 

298 

2VitV3 

411 

298 

726 

2^2-^3 

298 

347 

726 

3V2+.3 

298 

369 

726 

4v2-^3 

298 

393 

726 

^l-*^2-^3 

362 

323 

726 

^1+2^2'^3 

362 

347 

726 

^Calculated  based  on 

the  assumption 

that  states  j^+mw2'^'^3 

U,  m,  n = 0, 

1,  2, 

. . . ) neeu:  Br 

2 

(4  Pjj)  are  excited  with 

100%  efficiency  and 

then  rapidly  deconpose  to 

give 

m V2  and  n 

quanta 

. We  assume  that  1.7%  of 

the  total 

number  of  OCS  molecules  are  excited. 

b is  the  vibrational  temperature  of  state  v . . 
1 
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(12) 


(X:S(2v3)  + OCS(O) — »20CS(v3) 

and 

OCS(2Vj^4V3)  + OCS(O)— ♦OCS(2v3)  + OCS(v3) 


(13) 


SUMMTU^Y 

Electronic-to-vibrational  energy  transfer  has  been  observed 

to  occvir  in  mixtvires  of  electronically  excited  bromine  atoms  in 

2 

the  4 Pjg  state  and  CXIS  following  formation  of  the  Br  atoms  by 
dye  laser  photodissociation  of  Br2.  Infrared  fluorescence 
was  observed  from  the  V3  fundamental  of  OCS.  The  measured  rates 
of  fluorescence  rise  and  decay  had  to  be  corrected  to  obtain  the 
true  kinetic  rate  constants.  An  approximate  deconvolution 
technique  has  been  derived.  Available  experimental  evidence 
indicates  that  energy  is  transferred  from  Br  to  OCS  overtone 
or  combination  states  with  a V3  component,  although  there  is 
no  evidence  which  would  indicate  the  exact  state  or  states  to 
which  energy  is  transferred.  The  corrected  rate  of  emptying  of 
the  V3  state  was  shown  to  correspond  to  the  rate  of  '^2”^ 3 
equilibration  in  OCS.  This  is  borne  out  by  the  fact  that  V2  is 
vibrationally  cold  with  respect  to  V3  following  E-V  energy 
transfer  and  acts  as  a sink  for  vibrational  energy  from  V3.  The 
V2-'^3  equilibration  was  also  studied  in  OCS-rare  gas  mixtures. 

The  results  of  these  studies  are  consistent  with  a rate  limiting 
filling  of  4v2  from  the  V3  state. 

In  this  study,  fluorescence  was  only  observed  from  the 
state  of  OCS.  If  a more  powerful  laser  were  to  be  used  such  that  a 
larger  initial  concentration  of  Br  could  be  produced,  a greater  num- 


I 


ber  of  OCS  molecules  could  be  excited.  Fluorescence  might  then 
be  observed  from  other  OCS  vibrational  levels,  giving  greater 
insight  into  the  exact  energy  states  involved  in  electronic-to- 
vibrational  energy  transfer. 


(1)  (a)  J.  I.  Steinfeld,  Accts.  Chem.  Res.,  313  (1970); 

(b)  J.  T.  Yardley,  Chemical  and  Biochemical  Applications 
of  Lasers.,  (C.  B.  Moore,  ed.).  Academic  Press,  New  York 
(1974),  p.  231; 

(c)  R.  J.  Donovan  and  D.  Husain,  Chem.  Revs.,  70,  489 
(1970); 

(d)  D.  Husain  and  R.  J.  Donovan,  Adv.  Photochem.,  8,  1 
(1971); 

(e)  L.  Krause,  Appl.  Opt.,  _5,  1375  (1966). 

These  works  contain  several  references  concerning  the 
quenching  of  fluorescence  from  excited  electronic  states 
of  atoms  and  molecules. 

(2)  E.  Weitz  and  G.  W.  Flynn,  Ann.  Rev.  Phys.  Chem.,  25.  275 
(1974).  Additional  references  may  be  found  in  this 
review  article, 

(3)  A.  B,  Petersen,  C.  Wittig,  and  S.  R.  Leone,  J.  Appl.  Phys., 
47,  1051  (1976). 
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. vibrational  State  Analysis  of  Electronic-To-Vibrational  Ener 
Transfer  Processes* 

(Stephen  Lemont,  George  W.  Flynn) 

This  work  is  a review  of  the  field  of  Electronic-to- 
Vibrational  energy  transfer  over  the  past  18  years  (111  referen- 
ces) . Since  the  entire  article  will  appear  in  Volxune  28  of 
Annual  Review  of  Physical  Chemistry,  we  include  here  only  the 
Table  of  Contents  and  the  Summary. 
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SUMMARY 


Significant  progress  has  been  made  over  the  past  few  years 
in  the  study  of  electronic-to-vibrational  energy  transfer  processes 
employing  vibrational  state  detection  methods.  Two  laser  tech- 
niques appear  to  be  exceptionally  promising  in  their  ability  to 
yield  large  quantities  of  detailed  information  regarding  such 
events,  and  molecular  beam  studies  can  be  expected  to  grow  signi- 
ficantly in  importance  over  the  next  few  years.  Nevertheless, 
the  field  itself  is,  at  this  stage,  relatively  unexplored  and 
offers  rich  opportunities  for  future  work.  The  area  of  vibra- 
tional- to-  electronic  energy  transfer  appears  to  be  even  less 
explored.  Studies  in  this  field,  which  are  certainly  related  to 
E-V  work,  can  be  expected  to  expand  rapidly,  particularly  as  laser 
techniques  capable  of  producing  high  vibrational  temperatures  are 
improved  and  developed. 

*This  work  was  also  supported  by  the  National  Science 
Foundation  under  Grant  MPS  75-04118. 


B.  VIBRATION-VIBRATION  ENERGY  TRANSFER 

1.  Equilibration  of  the  v and  v_  Modes  of  Laser  Pvunped  COF-. 


(Kent  Casleton,  George  Flynn) 

The  molecule  COF2  is  a particularly  convenient  one  in  which 
to  study  vibrational  energy  transfer  processes.  The  C-F  symmetric 
stretch  mode,  V2,  strongly  absorbs  pulsed  CO2  laser  radiation 
while  the  C=0  stretch  mode,  Vj^,  exhibits  intense  infrared  emission 
at  X 5|j.  In  addition  the  C-F  overtone  2v2  is  coupled  to  by 
Fermi  resonance  suggesting  the  possibility  of  efficient  collision- 
al  energy  transfer  between  these  states . ^ On  the  other  hand, 

the  remaining  vibrational  modes  are  rather  widely  separated  in 
frequency  from  V2  and  are  not  significantly  mixed  with  these 
modes  by  mechanical  anharmonicities.  Thus  loss  of  vibrational 
excitation  from  the  coupled  C-F  and  C=0  stretches  due  to  collisions 


is  expected  to  be  slow  leading  to  localization  of  energy  in  a small 
number  of  vibrational  modes.  Such  metastable  energy  distributions, 
which  cire  rare  in  polyatomic  molecules,  are  of  considerable  interest 
in  laser  chemistry,  laser  development,  and  contribute  significantly 
to  an  understanding  of  intermode  energy  transfer  processes. 

We  have  investigated  laser  induced  fluorescence  in  COF2  which 
gives  detailed  information  regarding  the  time  scale  required  for 
the  V2  modes  to  reach  vibrational  steady-state  and  to  lose 
excitation  to  the  remaining  modes.  The  general  approach  used  to 
analyze  and  unravel  the  energy  transfer  kinetics  is  expected  to  be 
useful  for  other  poly-atomic  molecules. 
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A detailed  description  of  the  apparatus  employed  in  the  laser 
induced  infrared  fluorescence  experiment  has  been  given  previously. 

In  brief,  a Q-sv/itched  CO2  laser  operating  in  either  the  P or  R 
branch  of  the  10.6|a  band  excites  the  COF2  '^2  symmetric  C-F  stretch 
as  shovm  in  the  energy  level  diagram  in  Figure  36.  The  carbonyl 
fluoride  sample  was  specially  prepared  by  Synthatron  Corporation 
(Edgewater,  NJ)  with  total  impurities  less  than  200  ppm. 

Fluorescence  near  5^  was  observed  through  a MgF2  side  window 
with  a photovoltaic  InSb  detector  (77°K).  The  detector  was  sensitive 
to  fluorescence  over  a region  established  by  a 4,6|j,  long  pass  inter- 
ference filter  and  the  detector  cutoff.  Signals  were  preamplified 
with  a matched  amplifier  having  a pulse  response  of  0.7|asec,  and 
averaged  using  a Biomation  8100  transient  recorder  interfaced  to  a 
Tracor  Northern  NS-  575A-2  digital  signal  analyzer. 

In  order  to  identify  the  molecular  states  responsible  for  the 
observed  5n  fluorescence,  several  experiments  were  conducted  using 
a variety  of  infrared  filters.  The  fluorescence  wavelength  was 
found  to  be  consistent  with  that  expected  for  emission  from  the  v^, 
2v2  vibrational  states  (see  Fig.  35).  These  levels,  which  are 
mixed  by  Fermi  resonance,  are  respectively,  the  C-0  stretch  funda- 
mental at  1944  cm”^  and  the  first  overtone  of  the  (pumped)  C-F 
stretch  at  1910  cm”^. 

Upon  excitation  of  the  COF2  by  a CO2  laser  operating  near 
10.6|a,  very  strong  fluorescence  from  the  2v2  states  was  observed 
near  5|a.  Over  30  CO2  laser  lines  in  the  P and  R branches  of  the 
10.6(i  band  were  found  to  produce  fluorescence  at  5u,  and  the  observed 
fluorescence  could  be  classified  as  one  of  two  distinctive  types. 
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Figure  36  shows  fluorescence  oscillograms  representative  of  the 
two  types  observed.  Only  the  laser  ptut^jing  line  was  changed  to  pro- 
duce the  two  different  types  of  fluorescence.  The  majority  of  laser 
pumping  lines  produced  fluorescence,  denoted  Type  I,  similar  to  that 
shown  in  Fig.  36a.  This  is  characterized  by  a rapid  fluorescence 
rise  and  a considerably  slower  decay.  Laser  lines  which  produced 
very  strong  Type  I fluorescence  included  1*22'  ^22'  ^14* 

contrast,  a radically  different  fluorescence  shape  was  observed  when 
laser  lines  such  as  ^14*  ^10  COF^.  Clear  examples 

of  this  behavior  were  seen  for  eight  CO2  laser  pumping  transitions, 
and  Figure  36b  shows  a typical  trace,  which  we  call  Type  II.  The 
rise  of  this  Type  II  fluorescence  is  extremely  rapid.  Over  the  pressure 
region  exeimined  (1.7  torr  to  0.14  torr)  the  rise  is  apparently  limi- 
ted by  the  radiative  pxutping  rate  (laser  pulse  width)  . The  decay  rate 
is  also  rapid  and,  in  fact,  is  similar  to  the  risetime  of  the  Type  I 
fluorescence.  As  can  be  seen  in  Figure  36b,  the  amplitude  of  this 
fast  Type  II  decay  is  90-95%  of  the  maxim\im  fluorescence  amplitude 
and  is  followed  by  a much  slower  decay  to  the  baseline  of  the  last 
5-10%  of  the  signal. 

Rates  for  Type  I rise  and  fall  and  Type  II  fast  fall  were 
obtained  by  fitting  semilog  plots  of  fluorescence  intensity  versus 
time.  These  rates  were  then  measvired  as  a function  of  COF2  pressure, 
typically  over  a range  from  0.15  to  1.5  torr,  and  a linear  least 
squares  fit  of  the  slope  of  the  rate  versus  pressure  plot  produced  the 
appropriate  rate  constcints.  A rate  constant  plot  for  the  decay  of 
Type  I fluorescence  is  shown  in  Figure  37,  and  Table  IV  lists  the 
fitted  rate  constants  in  units  of  msec”^  torr”^  and  in  nvunbers  of 
gas  kinetic  collisions  for  these  processes.  Both  the  Type  I rise  and 
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Figure  37 


COF^  X=5/i 
p(22)  EXCITATION 


Table  IV 


Experimental  Sp  Fluorescence  Data 


process 

Observed  Rate^ 
(msec“^» torr”^) 

Number  of 
Collisions  (Z)^ 

Probability 

(1/Z) 

P^Q  Excitation 

Fall 

561  + 30 

29 

0.034 

P22  Excitation 

Rise 

608  + 25 

27 

0.037 

Fall 

30  + 1 

540 

1.8  X 10"^ 

^ Slope  of  best  least  squares  fit  of  rate  versus  COF^  pressure. 
Uncertainty  is  two  standard  deviations.  individual  fluorescence 
rates  were  assumed  to  be  single  exponential. 

The  collision  number  is  obtained  by  dividing  the  gas  kinetic 
collision  frequency  by  the  observed  rate. 
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Type  II  fast  fall  were  single  exponential  to  within  experimental 

error,  indicating  the  presence  of  only  one  resolvedale  kinetic 

process  for  the  pressure  ranges  studied.  Using  spectroscopic 

data  from  matrix  isolated  COF^^^and  a first  order  perturbation 
( 5 ) 

approach,  we  estimate  that,  due  to  Fermi  resonance,  the  two  ob- 
served vibrational  states  are  nearly  50:50  mixtures  of  the  unper- 
turbed and  2v2  states.  Because  of  this  tight  coupling  between 
and  2v2,  it  is  unlikely  that  the  kinetic  crossover  process 
between  these  two  levels  could  be  observed.  As  a check,  experi- 
ments were  performed  at  sample  pressures  of  50  mtorr  or  less  but 
no  evidence  for  additional  processes  was  observed. 

A careful  examination  of  the  general  qualitative  features 
of  the  Type  I and  Type  II  fluorescence  near  X.  = 5^  as  shown  in 
Fig.  36  provides  a great  deal  of  information  about  the  detailed 
kinetic  processes  involved.  With  this  information  we  can  suggest 
plausible  mechanisms  to  be  considered  further.  First,  the  rise  of 
Type  II  fluorescence  is  extremely  rapid,  limited  apparently  by  the 
laser  pulse  width  or  the  bandwidth  of  the  detection  electronics 
to  pressvires  as  low  as  0.15  torr.  This  strongly  suggests  that  this 
fluorescence  is  coming  from  a state  directly  filled  by  the  laser 
rather  than  one  filled  via  collisional  processes.  Second,  the  am- 
plitude of  the  fast  Type  II  decay,  which  falls  to  within  a few  per- 
cent of  the  baseline,  indicates  that  the  fluorescing  state  is  losing 
population  to  a state  much  lower  in  energy  than  itself.  Loss  of  90% 
of  the  population  of  a state  requires  equilibration  of  two  states 
separated  by  500  cm~^  or  more.  This  obviously  rules  out  the  equili- 
bration of  2v2  with  V as  the  primary  contribution  to  the  fast  Type 
II  fall.  Since  the  two  states  are  very  close  in  energy,  their 
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Boltzmann  factors  are  nearly  equal,  and  will  lose  only  about 
50%  of  its  population  to  in  such  a process.  Third,  the  similarity 
Of  rates  for  the  Type  I rise  and  Type  II  fall  is  clearly  evident  in 
comparing  Figures  36c  and  36d.  In  fact,  the  rate  constants  listed 
in  Table  IV,  obtained  from  the  pressure  dependence  of  rates  for 
these  two  processes,  are  identical  to  within  experimental  error.  The 
rate  versus  pressure  data  for  both  Type  I rise  (.^22  ®^citation)  and 
Type  II  fall  (P3Q  excitation)  are  plotted  together  in  Figure  38. 

The  close  correspondence  of  these  rates  strongly  suggests  that  the 
kinetic  process  controlling  the  Type  II  fall  is  also  the  primary 
step  contributing  to  the  Type  I rise.  In  addition,  the  large  cross 
section  for  energy  transfer,  corresponding  to  about  30  gas  kinetic 
collisions,  is  indicative  of  a process  that  is  near  resonant. 

Finally,  the  Type  I decay  rate  is  much  slower  than  rates  of  the  other 

i 

processes  observed.  The  rate  constant  (~500  gas  kinetic  collisions) 
is  about  a factor  of  20  slower  than  that  for  the  Type  II  fast  fall.  , 

Whereas  a rate  constant  of  30  collisons  suggests  an  efficient  near-  ! 

resonant  process,  the  rate  constant  for  the  Type  I decay  is  indi- 
cative of  an  intermode  crossover  process  and  probeibly  reflects  the  1 

equilibration  of  the  V2  pumped  mode  with  other  nearby  modes. 

A conplete  discussion  of  these  results  has  been  submitted  for 
publication.  The  main  experimental  points  and  the  conclusions  are 
as  follows: 

(a)  Strong  laser-induced  fluorescence  has  been  observed 
emanating  from  the  2v2»  states  (X  = 5u)  of  COF2.  An  unusually 
large  number  of  laser  lines  from  the  10.6^1  band  (over  30)  have 
been  found  to  efficiently  produce  this  fluorescence  in  contrast 

to  the  1-3  coincidences  typical  of  many  other  polyatomic  molecules. 

(b)  The  fluorescence  curves  consist  of  two  very  distinct 
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types.  The  first  displays  a fast  (~30  gas  kinetic  collisions) 
rise  followed  by  a relatively  slow  (~500  collisions)  decay.  The 
second  rises  in  a time  that  is  limited  by  the  laser  pulsewidth 
and  falls  with  a rate  constant  corresponding  to  30  gas  kinetic 
collisions,  indicating  that  the  same  kinetic  process  is  rate 
limiting  for  the  rise  of  Type  I and  fall  of  Type  II  fluorescence. 

A simple  kinetic  analysis  in  conjunction  with  a comparison  of 
absorption  coefficients  and  examination  of  decay  rates  under 
varying  levels  of  laser  excitation  indicate  that  the  first  type 
is  due  to  the  pumping  of  molecules  into  the  state  from  the 

ground  state  followed  by  excited  state-excited  state  collisions 
to  fill  2v2  and  The  second,  faster  process  results  from 

direct  filling  of  2V2,  via  hot  band  pumping  of  the  ^^2 

transition,  followed  by  a rapid  collisional  equilibration  with 
'^2*  The  rapid  V-V  up  the  ladder  energy  transfer  process  in  COF2 
is  identified  as  the  step  controlling  the  rise  of  the  first  type 
and  fall  of  the  second. 

(c)  An  examination  of  the  energy  transfer  data  and  Fermi 
resonance  effects  indicate  that  2v2  and  are  very  strongly 
mixed,  providing  a very  efficient  means  for  collisionally  exciting 
the  C=0  stretch  very  low  in  the  v manifold. 

(d)  The  slow  decay  (~500  collisions)  of  energy  out  of  the 
tightly  coupled  V2»  manifold  is  most  likely  due  to  intermode 
V-V  energy  transfer  into  the  remaining  vibrational  modes.  Thus  the 
C=0  and  C-F  stretches  are  expected  to  remain  vibrationally  hot 
relative  to  the  other  modes  for  periods  of  tens  of  microseconds  at  a 
few  torr.  Such  a molecule  offers  several  possibilities  for  the 
study  of  laser  driven  chemical  reactions,  the  development  of  new 
optically  pumped  infrared  laser  transitions,  and  the  investigation 
of  many  different  types  of  energy  transfer  processes. 


2.  Vibrational  Enerov  Exchanoe  Between  the  — 3-^-^-  and  V 2 » ^ 

Modes  of  CHjF  in  the  Pure  Gas 

(Rekha  Sapre  Sheorey,  Richard  Slater,  George  Flynn) 


A great  deal  of  information  concerning  vibration  to  vibration 
(V-V)  and  vibration  to  translation/rotation  (V-T/R)  energy  transfer 
processes  in  CH^F  has  been  obtained  using  laser  induced  fluorescence, 
laser-laser  double  resonance  and  time  resolved  thermal  lensing 
experiments.  Fluorescence  and  double  resonance  techniques  measure 
the  time  dependence  of  excited  vibrational  state  populations  whereas 
thermal  lensing  measures  both  the  time  dependence  of,  and  the  net 

change  in,  the  energy  of  the  translational  states.  When  used 
in  concert,  all  these  methods  represent  a very  powerful  tool  for 
elucidating  the  vibrational  energy  flow  in  polyatomic  systems. 

In  the  CH^F  fluorescence  experiments,  signals  were  obtained 
from  the  pairs  of  states  (vj^,  v^)  at  3.3|i  and  (V2,  v^)  at  6.8|J, 
from  2v^  at  4.8(i  and  from  Vg  at  8.6|i.  (Fig.  39)  During  the  past 
year,  by  working  with  an  iit^roved  detection  system  and  at  lower 
CH^F  pressures,  multiple  exponential  rises  and  decays  of  CH^F 
laser  induced  fluorescence  have  been  observed  and  analyzed.  These 
multiple  exponential  functions  have  been  identified  with  some  of 
the  eigenvalues  of  the  CH^F  V-V  energy  transfer  rate  matrix.  In 
particular  two  internal  V-V  rate  constants  relating  3 vibrational 
modes  of  CH^F  to  each  other  have  been  calculated  from  measured 
exponential  rates.  This  constitutes  an  extremely  significant  link 
between  energy  transfer  theory  and  experiment. 

A Q-switched  CO2  laser  operating  essentially  on  the  P2Q  line 
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Figure  39 
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of  the  9.6|i  band  was  used  to  vibrationally  excite  the  mode  of 
CH^F  contained  in  a 1"  diameter  stainless  steel  cell.  Fluorescence 
induced  by  the  laser  was  then  observed  by  various  detectors  through 
a window  which  is  at  right  angles  to  the  incident  beam  of  laser 
radiation.  The  wavelength  of  interest  was  isolated  by  the  appropriate 
use  of  detector  and  interference  filter  combinations.  The  fluores- 
cence signal  was  preamplified  with  a matched  amplifier,  then  averaged 
with  a Biomation  8100  transient  recorder  interfaced  to  a Tracor 
Northern  digital  signal  analyzer,  and  finally  recorded  on  an  X-Y 
plotter  for  svibsequent  analysis. 

Figs.  (40)  and  (41)  show  4.8^1  (2V2)  and  6.84  (V2,  v^)  fluores- 
cence curves  and  their  semilog  plots  respectively.  The  2v ^ fluores- 
cence rises  almost  instantaneously,  decays  to  about  half  of  the  peak 
amplitude  quite  rapidly,  and  then  finally  decays  back  to  the  baseline 
as  a very  slow  exponential.  Its  semilog  plot  shows  that  the  decay 
actually  takes  place  in  three  steps,  one  of  which  is  very  slow 
compared  to  the  other  two.  The  rates  of  the  two  fast  decays  were 
deconvoluted  using  standard  procedures.  The  slopes  of  rate  versus 
CH^F  pressure  were  found  to  be  600  + 50  msec~^  torr”^  (~15  gas 
kinetic  collisions)  and  190+  20  msec~^  torr”^  (~50  gas  kinetic 
collisions) . The  sum  of  the  amplitudes  of  the  two  fast  decays  varied 
between  45%  and  50%. 

The  6.8  (V2,  Vg)  fluorescence  rises  on  the  timescale  of  the 

fast  decays,  and  then  falls  at  the  same  rate  as  the  slow 
third  exponential  decay.  As  can  be  seen  in  Fig. 41  the  V2»  fluores- 
cence rises  in  two  steps.  Deconvolution  of  the  two  rates  shows  that 
the  apparently  fast  rise  (later  in  time)  is  actually  the  smaller 
eigenvalue  (rate)  and  vice  versa. 
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8.6|a  CH^F  (Vg)  fluorescence  exhibited  essentially  single 
exponential  rise  and  decay,  the  decay  being  the  same  as  that  ob- 


served in  Vg  curves.  The  single  exponential  rise  was  measured 
verus  CHgF  pressure. 

From  all  the  thermal  lensing  and  fluorescence  studies  to  date, 
the  V-V  energy  transfer  mechanism  which  couples  the  fundamentals 
of  CHgF  vibrational  degrees  of  freedom  has  been  deduced.  After 
pumping  the  state,  the  following  processes  are  believed  to 
equilibrate  the  vibrational  modes  of  CH^F. 

CH3F  (Vg)  + CH3F  -133  cm~^  (1) 

CH3F  (V2,  Vg)  + CH3F  - 280  cm"^  (2) 


CH3F  (V3)  + CH3F  ^1^ 

^k-1 


CH,F  (v,.)  + CH,F  ^2  V 


CH3F  (V2»vg)  + CH3F  (V2Vg)^r^CH3F  {2v^,2v^)  + CH3F  + 100cm 

CH3F  (2v2,2vg)  + CH3F  ^ » CH3F  + CH3F  - 150  cm~^ 

CH3F  (V3)  + CH3F  (vg)^ — >ch3F  (2V3)  + CH3F  + 18  cm"^ 


(3) 

(4) 

(5) 


Because  of  the  relatively  low  power  of  the  Q-switch  excitation, 
the  vibrational  ten^erature  does  not  change  greatly  from  ambient. 
Therefore,  Boltzmann  statistics  at  the  translational  teirperature 
may  be  employed  to  obtain  vibrational  population  densities  with 
good  accuracy.  Since  99%  of  the  excited  state  population  resides  in 
the  lowest  four  states,  '^2*^5'  contribution  of  other 

states  to  the  CH3F  rate  matrix  can  be  neglected  when  solving  the 
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CH^F  3-level  system. 

Up- the- ladder  processes  such  as  (5)  are  known  to  be  fast 
compared  to  the  coupling  between  vibrational  modes  of  molecules. 
Therefore,  the  2v2  fluorescence  intensity  can  be  expected  to  rise 
on  the  timescale  of  the  up-the- ladder  rate,  peak  as  2v  ^ comes  into 
equilibrium  with  v^,  and  then  reflect  the  population  loss  of 
as  the  rest  of  the  vibrational  modes  begin  to  come  into  equilibrium 
with  Experiment  has  shown  this  to  be  the  case.  The  2v2  fluores- 

cence rises  extremely  rapidly  (5  gas  kinetic  collisions)  and  decays 
in  three  steps,  the  slowest  being  the  V-T/R  rate.  The  fast  decays 
simply  correspond  to  the  intermode  energy  transfer  processes  (1)  and 
(2)  which  rob  of  its  excess  population.  These  have  been  measured 
to  be  600  msec  ^ torr  ^ and  190  msec~^  torr”"^  respectively. 

Fig.  42  shows  '^2 '^5  ^1^4  ^I'^o^sscence  curves  under  identical 

experimental  conditions  except  for  interference  filters.  The  almost 
perfect  match-up  indicates  that  the  rate  limiting  step  in  the  filling 
of  does  not  occur  after  V2»v^,  but  that  it  is  the  same,  being 

the  coiribination  of  processes  (1)  and  (2). 

In  conclusion,  a complete  vibrational  energy  flow  map  has  been 
identified  (with  the  exception  of  the  filling  of  which  is 

inferred)  for  the  molecule  CH^F.  Two  internal  v-v  rate  constants 
have  also  been  measured.  A simple  technique  has  been  found  (partial 
rapid  decay  of  fluorescence  from  the  overtone  of  the  pumped  state) 
for  monitoring  the  outflow  of  excess  energy  from  the  pumped  state 
of  a polyatomic  molecule  into  the  remaining  vibrational  degrees 
of  freedom  of  the  molecule. 
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Figvire  42 


IV.  RESONANCE  PHYSICS 


A.  PHOTON  ECHOES  IN  RARE  EARTH  IONS  * 

(Y.  Chen,  S.  R.  Hartmann) 

We  have  observed  strong  photon  echo  modulation  effects  in 

3+  3 3 3 L 

Pr  ; LaP^  for  the  H^  - P^  and  H^  “’^2  f^^>^sitions . Experi- 
ments were  performed  at  fixed  pulse  separation  and  variable 
applied  magnetic  field  and  visa  versa.  Our  results  are  shown  in 
Figtires  43  - 46. 

The  modulation  effects  are  interpreted  as  being  due  to  inter- 
ference effects  within  the  transitions  between  the  two  multilevel 
3 "I"  , 

systems.  For  Pr  in  LaF^,  the  terminal  levels  of  the  echo  transi- 
tion are  mixed  and  split  by  the  hyperfine  interaction,  the  nuclear 
Zeman  interaction,  and  the  interaction  of  the  praseodymium  ion  with 
the  neighbor  fluorine  nuclear  magnetic  moments.  Photon  echoes 
arising  from  these  coherently  excited  multilevel  systems  exhibit 
modulation  effects, the  frequency  of  which  are  determined  by  the 
energy  splitting  within  the  multiplets.  Strong  modulation  effects 
occur  when  the  excite  .ion  pulses  are  able  to  coherently  couple  more 
than  two  terminal  levels  with  comparable  transition  probability. 

In  baF^/  the  Pr-F  interaction  can  be  neglected because  Pr^^ 
has  zero  magnetic  moment.  We  believe  the  echo  modulation  is  due 
to  the  interference  among  the  electronic  levels  split  and  mixed 
by  the  interaction  with  the  praseodymium  nucleus.  Although  the 
first  order  effect  of  the  nuclear  hyperfine  interaction  of  Pr 
in  LaF^  is  zero,  the  second  order  effect  is  appreciable. ^^The 
praseodymium  nuclear  state  degeneracies  are  lifted  by  the  combina- 
tion effect  of  the  nuclear  Zeeman  effect  and  the  second  order  hyperfine 

interaction.  The  second  order  hyperfine  interaction  has  the  general  form 
2 

£ P.I.  where  P.'s  are  dependent  on  both  the  direction  and  the 

i=x.y.z  1 1 1 

136 


eparation  for  P " K.  transition.  The  impurity 
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hyperfine  interaction  constemt. According  to  this  scheme,  the 

nuclear  levels  of  Pr  (spin  5/2)  are  split  by  the  2nd  order  hyperfine 

interaction  into  three  levels,  each  doubly  degenerate.  The  ratio 

of  the  energy  differences  between  them  is  2:1.  Last  year  we  were 

3 3 

able  to  obtain  a reasonable  fit  for  the  echo  transition 

data  taken  as  a function  of  magnetic  field.  On  the  basis  of  that 

analysis  we  inferred  ground  electronic  state  nuclear  level  splittings 

(4  5) 

of  5 MHz  and  lOMHz.  The  recent  work  of  Erickson  ' 'has  basically 
confirmed  our  prediction.  The  groiind  state  nuclear  splittings  are 
found  to  be  8.47  MHz  and  16.7  MHz.  The  ratio  between  them  is  almost 
2:1.  The  ground  state  hamiltonian  can  now  be  written  as 


H = P [ - I (I  + 1)  ) + -J-  (I^.^  + I_2)  ] + YH^d+K^)!^ 

where  P = 4.18MHz  .11  = 0.105  , y = 1.13  kHz/  Gauss  K =0.7. 

z 


The  excited  state  hamiltonian  must  have  a similar  hamiltonian 
with  an  interaction  parameter  P much  smaller  than  that  in  the  ground 


state.  The  reason  is  that  the  level  mixing  due  to  quadropole  inter- 

action  is  smaller  in  the  P^  state.  The  magnitude  of  the  interaction 

pareuneter  is  assumed  to  be  one  tenth  of  that  in  the  ground  state 

3 -1 

since  the  nearest  excited  state  from  P is  500  cm  away  while  the 

o 

3 -1 

nearest  excited  state  from  ground  state  is  50  cm  away.  The 

3 

hamiltonian  for  the  P state  is 

o 

JC  = P 1^2  ^ 


Where  P is  0.4  MHz. 


(8) 


If  we  use  Eq.  7 for  the  ground  state  and  Eq.  8 for  the  state, 
the  calculation  for  the  echo  intensity  yields  the  solid  curve  in 
Fig. 43.  The  fit  is  better  than  last  year.  The  maxima  are  now 
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accurately  located.  However,  the  depth  of  modulation  is  still  not 
accounted  for.  It  may  be  that  there  is  an  assymetry  parameter 
associated  with  the  excited  state  and  that  the  magnetic  field  di- 
rection was  not  accurately  directed  along  crystal  C-axis. 

In  Fig.  44,  photon  echo  intensity  vs  pulse  separation  is 
3 3 

shown  for  the  H.  - transition.  The  data  was  taken  at  zero 
4 o 

field.  The  recovery  of  the  echo  intensity  at  234  ns  implies  a 
modulation  frequency  4.20MHz  which  is  roughly  one  half  of  the 
splitting  in  the  ground  state.  It  is  possible  that  a local 
maximum  of  echo  intensity  at  100ns  or  130ns  was  not  resolved.  A cal- 
culation using  the  same  hamiltonian  as  used  for  Fig. 43  yields  the 

sold  curve  in  Fig.  44.  Since  the  optical  delay  line  is  not  coated 

o 

for  the  excitation  pulse  frequency  4777A  , data  points  for  pulse 
separation  longer  than  300ns  eure  not  avilable.  We  predict  that 
there  must  be  local  maxima  at  350ns,  460ns,  ...  etc. 

In  Fig.  45,  echo  intensity  vs  magnetic  field  is  shown  for 

^2  " ^1^4  txansition.  The  dipole  moment  of  the  transition  is  10 

3 3 

times  smaller  than  the  - P^  transition.  Hence  a more  con- 
centrated sample  (1%)  was  used.  The  magnetic  field  is  applied 

perpendicular  to  the  crystal  C-axis.  In  this  case,  the  impurity 
3+  . . 

Pr  ions  are  distributed  at  three  difference  sites.  The  explana- 
tion of  the  data  involves  knowing  energy  splittings  in  the  ground 
states  and  the  excited  states,  the  magnetic  enhancement  factors  along 
the  two  axis  perpendicular  to  the  C-axis,  and  the  angle  between  the 
magnetic  field  and  the  crystal  a-axis.  In  principle,  all  these 
parameters  can  be  obtained  by  varying  the  parameters  to  get  the 
best  fit  for  the  data. 

In  Fig. 46  we  present  data  showing  the  pulse  separation  depen- 
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dence  of  the  photon  echo  in  zero  field.  The  echo  intensity  osci- 
llates with  a regular  period  of  120ns.  This  corresponds  to  the 
frequency  of  the  ground  state  nuclear  level  splittings.  The 
absence  of  higher  frequency  in  echo  modulation  seems  to  imply  that 
the  energy  splittings  in  the  ^2  state  are  abnormally  small.  This 
is  surprising  because  the  ^2  state  nuclear  level  splittings  cure 
expected  to  be  Icurger  due  to  larger  electronic  level  mixing.  A 
rough  calculation  using  Erickson's  ground  state  hamiltonian,  a 

similar  hamiltonian  with  P =1  MHz  for  the  ^2  state  and  an  echo 

(31 

relaxation  time  T2  = 95ns  reported  by  Brewer  ^ ^ yields  the 
sold  curve  in  Fig.  46.  The  fitting  is  preliminary.  This  is  a 
difficult  experiment.  The  trick  is  to  keep  the  excitation  pulse 
divergence  and  pulse  shape  the  same  when  varying  the  pulse  sepa- 
ration. Hence  the  distance  between  the  mirrors  of  the  optical  delay 
line  (white  cell)  should  be  adjusted  to  be  exactly  equal  to  twice 
the  focal  length  of  the  mirrors.  Also,  in  order  to  compare  the  echo 
intensities  at  difference  pulse  separations,  the  2nd  pulse  intensity 
must  be  kept  the  same  for  all  pulse  separations.  Hence,  the  inten- 
sity of  the  2nd  pulse  at  shorter  pulse  separation  must  be  attenua- 
ted to  compensate  for  the  loss  of  the  intensity  at  longer  pulse 
separations.  This  can  be  done  by  putting  a pockel  cell  and  a pair 
of  crossed  polarizers  in  the  path  of  the  2nd  pulse.  Then  we  can 
attenuate  the  2nd  pulse  intensity  at  shorter  pulse  separation  without 
deflecting  the  beam.  The  drifting  of  the  nitrogen  laser  intensity 
may  cause  large  scattering  of  the  data  points.  The  drifting  of  the 
laser  intensity  comes  from  the  motion  of  the  end  mirrors  which  are 
attached  to  the  nitrogen  laser  cavity  through  0-rings,  In  order  to 
stabilize  the  nitrogen  laser,  the  feedback  mirror  was  mounted  inde- 
pendently so  that  the  change  in  pressure  and  temperature  in  the 


i 


nitrogen  laser  cavity  will  not  influence  the  mirror.  Now  the 
nitrogen  laser  and  dye  laser  power  are  steady  for  longer  than 
20  minutes. 

Echo  modulation  data  contain  information  about  both  the 
ground  state  and  the  excited  state  nuclear  splittings.  In  order 
to  determine  the  splittings  accurately  more  detailed  experimental 
data  is  needed.  The  present  optical  delay  line  prevents  us  getting 
detailed  data  because  pulse  separation  can  be  varied  only  by 
discreet  steps  of  34ns  multiples.  Also  in  order  to  determine  small 
energy  splittings,  e.g.  the  splitting  in  ^2  states  and  state, 
a pulse  separation  as  long  as  1 fis  will  be  necessary.  At  large 
pulse  separations,  the  beam  divergence  becomes  hard  to  control.  To 
solve  these  problems,  it  may  be  necessary  to  build  two  nitrogen 
laser  pioit^ed  dye  lasers  so  that  one  will  fire  at  a setable  time 
after  the  other  with  well  defined  pulse  divergence.  Then  we  should 
be  able  to  determine  uhe  excited  state  quadropole  splittings  either 
by  two  pulse  echo  technique  or  the  PENDR  technique. 

*This  research  was  also  supported  by  The  National  Science  Foundation 
under  Grant  NSF-DMR73-07600  A03. 
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B.  PHOTON  ECHOES  IN  RUBY* 

(S,  Meth,  S.  R.  Hartmann). 

The  major  part  of  this  year  was  taken  up  by  one  of  us  (S.M.) 
vnriting  his  ooctoral  thesis.  The  experiment  was  then  plagued  by 
difficulties  with  the  ruby  laser  rod  coatings  and  the  laser  dewar. 

A new  laser  dewar  had,  in  fact,  to  be  constructed  by  our  machine 
shop.  We  have  just  completed  all  repairs  and  have  res\amed  our 
investigations.  We  have  concentrated  our  research  on  photon  echo 
modulation.  We  have  improved  the  fit  to  last  year's  modulation 
measurement  from  2 to  5 microseconds  pulse  separation  by  changing 
the  value  of  the  azimuthal  angle  of  the  optic  axis  and  the  applied 
field.  (Fig.  47)  Since  we  do  not  know  the  orientation  of  the  crystal 
in  the  plane  perpendicular  to  the  optic  axis,  we  have  adjusted  this 
angle  in  the  theoretical  calculations  to  give  the  best  fit  to  the 
experimental  data.  Since  the  crystal  was  removed  and  replaced 
between  the  experiment  in  the  2 to  5 ^isec  region  and  that  in  the 
.25  to  3 (isec  region,  we  may  independently  adjust  the  azimuthal 
angle  for  the  two  experiments.  We  point  out  however,  that  the 
calculations  are  relatively  insensitive  to  the  azimuthal  angle, 
especially  for  short  pulse  separations.  Optimization  of  this  para- 
meter results  in  only  a slight  inprovement  of  the  fit. 

*This  research  was  also  supported  by  The  National  Science 
Foundation  under  Grant  NSF-DMR73 -07600  A03. 
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ECHO  INTENSITY,  AR 


c . RAMAN  ECHOES 


(T.  Mossberg,  A.  Flusberg,  S.  R.  Hartmann). 

We  have  pursued  two  different  research  avenues  in  the  past 
year:  (1)  Magnetically  induced  three-wave  mixing,  and  (2)  Dicke 
superradiance.  The  initial  version  of  each  type  of  experiment 
was  a natural  outcome  of  our  interest  in  observing  a Raman  echn^^^ 
on  the  ” ^^^3/2  transition  in  atomic  thallium  vapor. 

In  the  experimental  set-up  for  observing  a Raman  echo,  we 
use  two  simultaneous  collinear  incident  laser  pulses,  of  fre- 
quencies and  UU2*  respectively,  to  create  a macroscopic  exci- 
tation in  Tl  vapor  at  the  difference  frequency  '*^3  = “ ^*^2  ' 

-12  2 

which  is  resonant  with  the  7793-cm  6 ^3^/2  ~ ^ ^ 3/2  transition. 

(The  wavelengths  of  the  incident  laser  are  = 2nc/iUj^ 

^ 377  nm  and  ^2  = 2nc/^2  — 535  nm,  respectively.  Their  values  are 

chosen  so  that  we  obtain  resonance  enhancement  of  the  two-photon 

( 2 ) 2 2 
transition.  ) It  is  well  known  that  the  6 P2./2  ~ ^ ^3/2  ®^P®^Posi- 

tion  cannot  radiate  via  an  electric  dipole  (El)  transition  (be- 
cause of  parity  conservation) . However,  this  superposition  can 
radiate  via  either  a magnetic  dipole  (Ml)  or  electric  quadrupole 
(E2)  transition.  Why  should  one  not  expect  to  see  a coherent 
7793-cm~^  burst  of  Ml  or  E2  burst  of  radiation  during  the  two- 
laser  excitation?  This  would  be  an  exait^jle  of  three-wave  mixing 
in  an  atomic  vapor. 

A simple  analysis  of  this  situation  reveals  that  one  should 
not  expect  any  coherent  radiation.  Consider  first  the  phase- 
matching condition  Which  the  three  waves  must  satisfy.  It  implies 
that  the  generated  third  wave  (at  collinear  with  the 
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incident  collinear  waves.  Alternatively,  this  condition  may 
be  viewed  as  that  for  momentum  conservation  between  the  three 
types  of  interacting  photons ; the  atoms ' linear  momentum  does 
not  change  in  the  wave-mixing  process,  since  the  atom  must  wind 
up  in  the  state  it  started  out  in.  Now  consider  the  restriction 
imposed  by  conservation  of  angular  momentvun  among  the  photons. 

Quantizing  along  the  common  direction  of  propagation,  we  see  that 
the  two  incident  photons  impart  either  O or  + 2 units  of  angular 
momentum  to  an  atom;  thus,  if  angular  momentum  is  to  be  conserved, 
the  generated  7793-cm~^  photon  must  carry  O or  + 2 units  of  j 

angular  momentiim  along  its  direction  of  propagation  z . It  is  | 

j 

well  known,  however,  that  a photon  may  carry  only  =F1  units  of 

anguleu:  momentum  along  its  direction  of  propagation.  Thus  three- 

wave  mixing  in  an  atomic  vapor  is  strictly  forbidden  in  the  case 

of  collinear  propagation.  In  our  experimental  attempt  to  observe 

this  forbidden  effect,  we  discovered  a new  phenomenon:  magnetically 

(4 ) 

induced  three-wave  mixing.  If  a DC  magnetic  field  H is  applied 

transverse  to  the  common  direction  of  propagation  of  the  incident 

laser  beams  a wave  of  frequency  (7793  cm”^)  is  produced,  and 

2 

its  intensify  is  found  to  vary  as  H for  O <H<100G. 

This  effect  cannot  be  due  to  the  "lifting"  of  parity  conserva- 
tion; in  fact,  an  external  magnetic  field,  unlike  an  external 
electric  field,  does  not  remove  the  requirement  that  parity  be  a 
good  quantum  number.  Some  thought  reveals  that  the  conservation 
"law"  Which  is  broken  by  the  presence  of  the  external  magnetic 
field  is  that  of  angular  momentum.  Any  atomic  angular  momentum 
tenporarily  transferred  to  an  atom  during  the  two-photon  excitation 
will  tend  to  precess  about  the  external  magnetic  field.  Thus  the 
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I atom  will  not  necessarily  end  up  in  the  same  Zeemcin  or  hyperfine 

I level  in  which  it  started  out.  Since  some  of  this  angular  momentum 

i may  be  transferred  to  the  generated  photon,  there  will  be  a pro- 

bability ait^jlitude  that  it  has  + 1 units  of  angular  momentiun  along 
z . Thus  E2  or  Ml  collinear  three-wave  mixing  is  allowed  in  the 

’ presence  of  a transverse  magnetic  field. 

j 

f _i 

The  experimental  observations  we  have  made  on  the  7793-cm 
difference-frequency  (DFG)  pulse  generated  in  Tl  vapor  are  summ- 
arized in  Figs.  48-49.  Fig.  48  shows  the  atomic -density- squared  | 

dependence  of  the  DFG  intensity;  this  dependence  is  characteristic 
. . 2 

of  all  wave-mixing  processes.  The  H - dependence  of  the  DFG 
intensity  is  shown  in  Fig.  49.  The  polarization  dependence  of 
the  DFG  is  consistent  with  that  expected  for  an  Ml  transition. 

We  note  that  if  the  atomic  thalliiam  density  is  high  enough  then 
i an  incident  laser  pulse  of  frequency  produces  stimulated  Raman 

scattering  of  frequency  11)2.  As  a result,  even  with  no  uj2-pulse 
incident,  a 7793-cm”^  pulse  is  emitted  by  what  may  be  considered 
parametric  down-conversion,  the  emitted  pulse  at  ^2  acting  as  the 
idler  wave. 

From  our  explanation  of  magnetically  induced  DFG  it  is  clear 

that  magnetically  induced  sum-frequency  generation  (SFG)  should  be  : 

2 ' 

observable  as  well.  We  have  detected  this  effect  on  the  3 ~ ; 

2 . . (5)  ^ 

4 D transition  in  atomic  sodium  vapor;  For  this  case  the  generation 

•j 

arises  from  an  E2  moment.  Since  E2  SFG  had  already  been  observed  on  j 

this  transition  in  the  case  of  phase-matched  noncollinear  incident  | 

beams i^^we  decided  to  perform  an  experiment  which  would  exhibit 
interference  between  the  noncollinear  effect  and  the  magnetically 

J 
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induced  effect.  The  results  of  such  an  experiment  are  shown  in 
Fig.  50,  which  depicts  the  SFG  intensity  as  a function  of  the 
transversely  applied  magnetic  field.  The  only  difference  between 
the  two  plots  is  a reversal  of  the  magnetic-field  direction.  It 
will  be  seen  that  for  H 2:  30  G a reversal  of  H changes  the  SFG 
intensity  by  an  order  of  magnitude  1 

This  most  unusual  effect  has  a straightforward  explanation, 
whose  essential  points  follow. 

Denote  the  electric  vector  of  the  noncollinearly  and  mag- 
netically produced  SFG  wave  by  and  , respectively.  From 

symmetry  considerations,  it  may  be  shown  that  E^j  can  be  written 

Ejj  = {E^  X E2)  ^ + ^2  t (E2  X H).  ^ E^  + (Ej^  X H).  z E2  ] 

where  E,  _ represents  the  electric  vector  of  incident  wave  1 and 

2,  respectively.  Thus  E^  reverses  sign  with  respect  to  E^^  when 

H is  reversed,  and  the  total  intensity  I,  proportional  to  |e  + E 

nc  H 

changes  accordingly.  According  to  this  explanation,  I (H)  may  be 

2 

written  as  + BH  + VH  . As  a check,  we  have  used  the  data  of 

Fig.  50  to  plot  = I (H)  + I (-H)  - 21^  and  I_  = I(H)-I(-H) 

2 

against  H (Fig.  51)  As  expected  « H , while  I_  a H. 

The  second  avenue  of  research  which  has  been  opened  up  to  us 

as  a result  of  our  study  of  the  coherent  excitation  of  the  Tl 
2 2 

6 P2./2  ~ ^ ^3/2  is  Dicke  superradiance,  a coherent  atomic 

effect  in  which  an  initially  inverted  ensemble  of  atoms  emit  a 

burst  of  coherent  radiation  at  a characteristic  delay  time  after 

the  inversion  is  created.  Dicke  superradiance  was  first  observed 

(7) 

by  dhribanowitz  et.  al.,  in  HF  gas.  More  recently  it  was  observed 
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by  Gross  et.  al.  in  atomic  Na  Vapor.'  ' We  first  observed  this 

effect  during  our  parametric  down-conversion  study  in  atomic  Tl. 

(9) 

A careful  investigation  showed  that  the  superradiance  was 

2 2 

occurring  on  the  1.3Qim  7 S ~ ^ ^1/2  transition  when  the  laser 

2 

frequency  was  tuned  exactly  to  the  6 P2/2  ~ ^*^1/2  ^2 -transition 

frequency  (wavelength;  379. Inm) . The  mechanism  by  which  the 

inversion  occurred  was,  we  believe,  the  following;  The  population 

2 

created  by  stimulated  Raman  scattering  in  the  6 P3/2  state  was  trans- 
ferred by  the  laser  pulse  to  the  ®tate,  thus  creatinn  1 

2 2 

7 ^1/2  ir^version.  The  excitation  of  this  inversion  lasted 

about  6 nsec,  the  width  of  the  incident  laser  pulse.  The  super- 
radiant pulse  was  emitted  several  nsec  after  the  passage  of  the 
laser  excitation.  For  example,  for  an  incident  laser  energy  and 
linewidth  of  25  [iJ  and  0.3  cm”^,  respectively,  the  supperradiant 
pulse  delay  was  4-9  nsec  when  the  thalli\am  cell  temperature  was 
770° C (corresponding  to  a Tl  number  density  of  about  2x10  cm  ). 

Oscilloscope  traces  of  the  1301-nm  Dicke  superradiance  (DS) 
pulse  are  shown  in  Fig.  52.  The  DS  pulse  is  detected  in  the  forward 
direction  (that  of  the  incident  laser  beam)  on  a Ge  avalanche 
photodiode  (risetime  1 nsec) . Efficient  detection  is  obtained  by 
imaging  the  focal  region  in  the  cell  onto  the  photodiode  surface 
through  a 1.2-|im  cut-on  filter  (a  silicon  disc)  . Each  trace  of 
Fig.  52  represents  a single  sweep  of  the  Tektronix  7904  oscillos- 
cope using  two  7A19  vertical-amplifiers  (nominal  risetime;  0.7  nsec) 
to  simultaneously  display  the  Ge  detector  signal  as  well  as  a cable- 
delayed  signal  from  a Si  photodiode  (Monsanto  MD-2)  which  detects  the 
incident  laser  pulse.  In  each  trace  the  laser  pulse  (the  second 
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peak)  serves  as  a reference-time  marker.  For  Fig.  52a  the  silicon 
filter  has  been  replaced  by  several  neutral-density  filters  and  a 
535-nm  interference  filter,  so  that  the  first  pulse  represents  the 
Stokes  radiation  (at  538  nm)  detected  by  the  Ge  photodiode.  The 
jitter  of  the  appearance  of  the  Stokes  pulse  is  found  to  be  less 
than  1 nsec.  In  Figs.  52b,  52c,  and  52d,  the  infrared  pulse 

appears  delayed  by  3,  4 and  9 nsec,  respectively,  with  respect  to 
the  peak  of  the  Stokes  pulse.  The  long  delays  and  short  pulse- 
widths  unmistakably  identify  the  process  as  Dicke  superradiance. 

The  ease  with  which  an  inversion,  followed  by  DS,  may  be  ob- 
tained — in  the  above  experiment  it  occurs  as  the  result  of 
stimulated  Raman  scattering  followed  by  electric-quadrupole  absorp- 
tion — prompted  us  to  look  for  superradiance  in  other  systems  in 
which  an  excited  state  population  results  from  a weak  absorption. 
Our  search  was  quite  fruitful.  We  have  now  obtained  DS  in  several 
atomic  vapors  by  the  following  additional  optical-pumping  schemes: 
directly  from  the  ground  state  by  E2  absorption;  by  stimulated 
Raman  scattering;  by  two-photon  absorption  and  by  El  absorption. 

In  the  remainder  of  this  report,  we  list  oiu:  experimental  observa- 
tions for  Tl,  Cs,  Rb  and  Na  separately. 

Thallium  - We  have  observed  DS  when  using  laser-pump  two- 
photon  absorption  from  the  ground  state  to  create  inversions  on 

the  ~ ^^^1/2  ^^^l/2~  ’^^^3/2  (Fig.  53)  . 

bote  in  particular  that  in  this  experiment  the  laser  frequency  is 
~ 8000  cm~^  off  resonance  from  the  nearest  ground-intermediate 
state  splittingl  This  experiment  truly  demonstrates  how  easy  it 
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is  to  obtain  a rapid  inversion  in  an  atomic  system.  Interestingly, 
three-wave  mixing  is  again  demonstrated  in  this  experiment:  we 


observe  second -harmonic  generation  on  both  the 


- 7“^?. 


ana 


jnic  generatAOji  uii  uuuii  uiie  o ^^^^2  ~ ' '*^3/2 

transitions.  In  the  case  of  the  former,  the 


generation  occurs  as  a result  of  the  E2  moment  of  the  superposi- 
tion, and,  as  expected,  the  second-harmonic  intensity  is  propor- 
2 2 2 

tional  to  H . The  6 ^1/2“  ^1/2  second-harmonic  generation  is, 

however,  independent  of  H.  Indeed,  this  superposition  has  no  E2 

moment  and  a negligible  Ml  moment;  the  sovirce  of  its  associated 

second -harmonic  generation  remains  to  be  explained. 

Cesium  - We  next  turn  our  attention  to  DS  in  atomic  cesium, 

for  which  we  have  used  three  optical-pumping  schemes:  E2  absorption 

(Fig.  54) , stimulated  Raman  scattering,  and  resonant  absorption 

2 2 

(Fig.  55) . For  the  first  of  these,  pumping  on  the  6 ~ ^ ^3/2 

2 2 

or  6 S,  - 6 F_  /_  transition  produced  pulses  delayed  by  as  much 


as  10  nsec  at  1.36  |j.m  (6^P, 


7^81/2)  and  1.47  yxm  {^^'^2/2 


• Unfortunately,  the  absence  of  a suitable  detector  in  our 

laboratory  made  it  impossible  for  us  to  observe  the  upper  legs  of 

2 2 

the  cascade  from  the  6 D states  down  to  the  7 ^2./2  (wave- 

lengths: 16  urn  and  3.1  jim)  . Thus,  we  do  not  know  how  much  of  the 
observed  delay  may  be  attributed  to  DS  at  these  IR  transitions. 

When  we  pumped  with  455.5-nm-wavelength  light  (on  resonance 
with  the  6 ^1/2  ~ ^ ^3/2  also  observed  delayed 

bursts  at  the  various  transition  wavelengths  between  1.34  and 
1.47  |j.m  indicated  in  Fig.  55.  The  presence  of  a collimated, 

O 

coherent  burst  of  light  at  5393. 5A  , corresponding  to  the  forbidden 


- 7^S. 


transition,  is  another  example  of  a three-wave 
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2 2 

maxing  process.  As  in  the  case  of  the  6 ^^^2  " ^1/2  ^^^i^tion 

o 

observed  in  Tl,  the  5393. 5A  light  was  emitted  in  the  absence  of 
a magnetic  field.  We  have  not  yet  clarified  the  mechanism  of  this 
radiation. 

Fig.  56  shows  some  exan^les  of  DS  pulse-shapes  in  Cs  at  a 

_2 

Cs  vapor  pressure  of  about  10  torr  and  using  a laser  pun^  at 

o 2 9 

4555A.  The  1.36  |am  pulse  associated  with  the  1 '9^ ^.^-5 

transition  is  delayed  by  2:10  nsec  from  the  peak  of  the  exciting 

laser  pulse.  Evidently  there  is  some  ringing  in  the  DS  pulse, 

but  it  would  be  premature  to  consider  it  true  Dicke  superradiant 

ringing  in  view  of  the  many  possible  hyper fine- level  beats  in  the 
2 2 

7 F3/2  “ ^ ^5/2  t^^J^sition  ( Fig.  55) . 

8*7  —3 

Rubidium  - In  rubidium  (Rb  , 125°C,^  10  torr  vapor  pressure) 

O 

we  have  used  E2-absorption  punning  (5166A  vacuum  wavelength)  to 

2 2 

produce  an  inversion  between  the  4 D and  5 '^1^2  3/2  states.  We 

observe  DS  on  these  transitions  (1.48,  1.53  pm).  The  relevant 
energy  levels  of  these  atomic  systems  are  depicted  in  Fig.  57. 

Again,  we  have  explicitly  labelled  the  hyperfine  levels.  The 
observed  DS  pulses  are  delayed  from  the  exciting  pulses  by  as 

2 

much  as  12-15  nsec.  Modulation  is  observed  on  either  of  the  4 D -• 

2 

5 ^1/2  transitions.  (For  this  experiment  an  intra-cavity  etalon 

narrowed  the  dye- laser  linefwidth  to  about  700  MHz;  thus  only  one 

2 ° 
of  the  4 D states  was  populated  by  the  5166A  absorption.)  The 

modulation  frequency  of  about  900  MHz  is  suggestive  of  the  hyper- 

2 

fine  splitting  of  818  MHz  in  the  5 ^-^^2  ®tate.  It  may  thus  be  an 
exaitple  of  a quantum-beat  effect,  rather  than  superradiant  ringing. 
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As  shown  in  Fig.  58,  the  riibidium  experiment  was  set  up  in 
a way  that  allowed  the  simultaneous  observation  of  both  forward 
and  backward- emitted  DS  on  the  same  detector.  Our  preliminary 
observations  indicated  that  the  essential  features  of  both  were 
the  same.  In  an  extension  of  this  experiment,  it  should  be 
possible  to  examine  the  correlation  between  the  forward  and 
backward  DS. 

2 2 2 

SRS-induced  three-wave  mixing  (5  ^2./2~  ^ ^1/2  ^ ^1/2  ” 

2 

4 D)  was  observed  in  atomic  Rb.  The  observation  was  made  when 

the  Rb  cell  temperature  was  300°C  (corresponding  to  e^lO^^  atoms/ 

3 ° 

cm  ) and  the  pump  laser  was  about  lA  off  resonance  from  the 


5^S 


1/2  ^ ^3/2 


absorption  wavelength  (Fig.  59) . The  emission 


wavelengths  were  measured  to  be  those  expected  for  the  5 S 


1/2 


2 2 2 

6 ^2./2  ^ ^1/2  “ ^ ^ atomic  transitions  to  within  an  uncertainty 

o 2 2 

of  about  0.5A.  As  in  the  case  of  Cs  (6  ~ ^ /'>) 


’1/2^ 


2 2 ° 

^1/2  ” ^1/2^'  collimated  4966-A  emission  intensities 

were  found  to  be  independent  of  magnetic  field.  The  5166-A  radia- 
tion (E2  allowed)  was  not  checked  for  magnetic  field  dependence. 

Sodium  - The  two-photon-absorption-pumped  DS  observed  in 

-4  ° 

atomic  Na  vapor  (at  a vapor  pressure  of  =“  10  torr)  at  8183A 
(3^Pi/2  - 3^D)  and  8195  A (3^P3/2  " 3^^)  (Fig.  60)  is  perhaps  the 
most  exciting,  since  it  is  "visible"  to  many  photomultiplier  tubes. 
Thus  it  should  now  be  possible  to  study  this  emission  from  the 
fluorescence  regime,  through  the  weak-superradiance  regime,  all 
the  way  to  the  regime  of  strong  superradiance  regime,  all  the 
way  to  the  regime  of  strong  superradiance.  The  short  wavelength 
of  this  transition  inplies  a proportionally  shorter  value  of  T2*, 
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r ^ 

the  Doppler  dephasing  time.  Thus  one  expects  a somewhat  shorter 
delay  until  the  onset  of  superradiance,  and  indeed  the  largest 
delay  observed  was  about  5 nsec.  A study  of  this  transition 
would  clearly  be  more  valuable  if  the  laser  pump  pulse  were  much 
shorter  than  about  5 nsec  or  if  the  laser  linewidth  were  suffi- 
ciently narrow  to  artificially  increase  T2** 

I 

SUMMARY  - \ 

i 

To  summarize:  We  have  made  preliminary  observations  of  ; 

Dicke  superradiance  on  many  transitions  in  Tl,  Cs,  Rb,  and  Na  | 

in  the  wavelength  range  0.8  - 1.5  lam.  These  observations  confirm 
that  Dicke  superradiance  is  easily  achieved  in  atomic  vapors, 
even  with  very  weak  laser  pumping  schemes.  At  the  same  time,  we 
have  studied  novel  three-wave  mixing  effects  in  each  of  these 
atomic  vapors.  We  have  explained  some  of  the  three-wave  mixing 
effects  as  resulting  from  either  Ml  or  E2  coherent  radiation 
in  the  presence  of  noncollinear  excitation  or  an  external  magnetic 
field(or  both).  The  mechanism  of  others  (e.g.  Tl  7 ^1/2  ^ 
remains  to  be  explained. 
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D.  COHERENCE  EFFECTS  IN  TWO-PHOTON  ABSORPTION 


(P.  F.  Leung,  A.  Flusberg,  and  S.  R.  Hartmann). 

We  have  constructed  a nitrogen  laser  which  produces  a 
200-300  KW  peak-power  pulse  having  a width  of  about  10  nsec. 

A transversely  purt^sed  dye  laser  has  also  been  constructed.  A 
computer  program  which  we  will  use  to  make  calculations  on 
extended  superradiant  systems  is  being  written. 
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E.  SPECTRAL  DIFFUSION* 

(P.  Fu,  S.  R.  Hartmann) 

Last  year,  we  reported  that  our  electron  spin  echo  results, 

+2  +2 
associated  with  the  Mn  resonance  in  CaWO^  doped  with  Mn  and 

Er^^,  could  be  understood  qualitatively  by  using  the  sudden  jump 

model  of  spectral  diffusion^^^  and  the  mechanism  of  instantaneous 

(2) 

diffusion  proposed  by  Klauder  and  Anderson.  Instantaneous 

diffusion  results  from  the  abrupt  change  in  local  field  caused  by 
spin  reorientation  during  second  excitation  pulse,  therefore,  the 
echo  decay  time  due  to  instantaneous  diffusion  is  dependent  on 
the  second  excitation  pulse  condition. 

This  year,  we  tested  for  the  effect  of  instantaneous  diffusion 
by  varying  the  excitation  pulse  amplitude.  Our  result,  shown 
in  Figure  61,  proves  that  instantaneous  diffusion  plays  no  role 
in  the  echo  decay  mechanism. 

We  also  found  a serious  nonlinearity  in  our  detector  response 

which  strongly  affected  our  previous  results.  After  correcting 

for  the  nonlinearity,  we  made  two-pulse  echo  measurements  at 

several  different  temperatures  (Fig.  62,  Fig.  63,  Fig.  64). 

Our  results  at  temperatures  above  3°K  (Fig.  62,  Fig.  63)  can 

be  fitted  quite  well  by  using  the  sudden  jump  model  of  spectral 

diffusion  with  a single  value  of  inhomogeneous  linewidth, 

+2  +3 

at  the  Mr  ions  due  to  Er  ions,  and  another  parameter  W,  the 
+3 

Er  spin  flip  rate,  which  varies  with  temperature.  The  values 
of  W needed  to  obtain  agreement  with  experiment  are  tabulated  in 
Table  V.  As  the  temperature  is  increased  the  value  of  W 
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Figure  61 
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obtained  by  fitting  also  increases  as  is  expected.  However,  as 

indicated  by  Table  V,  our  values  of  W are  an  order  of  magnitude 

(3) 

larger  than  those  measured  independently  by  Mims.'  A similar 
discrepancy  occurs  in  the  magnitude  of  ^ calculation 

based  on  the  formula 

^'"l/2  “ 3 ] J^Er^Mn^Er^ 

yields  a value  of  0.159  x 10^  sec~^  when  the  measured  concentra- 
tion n^^^  of  Er^^  ions 

[Er"^^]  = 3.2  X 10^^  cm"^ 

is  used.  The  factor  of  twenty  discrepancy  is  presently  not 
understood . 

Three  pulse  echo  experiments  at  2.94°K  have  recently  been 
performed.  At  this  temperature,  both  the  two-  and  three-pulse 
echo  experiments  (Fig.  64,  Fig.  65)  were  performed  on  the  same 
sample,  therefore,  the  same  values  of  1^2  ^ have  to  be 

used  in  fitting  the  data.  Considering  that  we  had  to  impose 
this  restriction  the  fit  is  not  too  bad. 

At  temperatxire  2.94°K  (Fig.  64),  the  agreement  between 
experiment  and  theory  is  not  good.  We  have  not  been  able  to 
fit  results  of  two-pulse  echo  decay  at  temperatures  below  2.94‘’K. 
One  possible  reason  is  the  following.  The  theory  of  the  sudden 
jump  model  of  spectral  diffusion  proposed  by  P.  Hu  and  S.  R. 
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Es(2t.T) 


Hartmann  assumes  that  the  A spins  (whose  signal  we  monitor) 

is  relaxed  by  B spins  which  flip  between  two  quantum  states  at 
an  average  rate  W.  This  assumption  is  only  valid  in  the  high 
temperature  limit.  Actually,  the  ratio  between  , flipping 
rate  from  excited  state  to  ground  state,  and  , flipping  rate 
from  ground  state  to  excited  state  is 


= exp(gPH/Rr). 

Considering  the  case  at  temperature  2.5°K,  by  using  the  values 


%(Er) 


= 8.3 


H ^ 2.5K  Gauss, 


we  get 


W^/W( 


1.75  . 


in  an  effort  to  better  understand  the  low  temperature  data 
we  have  begun  to  analyze  the  case  for  which  the  up  and  down  spin- 
flip  rates  are  different.  For  Wf  ^ W|  the  theoretical  analysis 
is  an  order  of  magnitude  more  difficult  than  for  the  case  when 
find  that  the  free  decay  signal  is  given  by 


F(T)  = exp{-AuUj^^2^ (t)} 


where 


f 

I 


t 


G 


(h) 


(t)  = G 


(ht) 

(^d 


+ G 


(ht) 

even 


+ G 


(h|) 

odd 


+ G 


(h^) 

even 


rather  than  G^^^(t)  = G^^^  + G^^^^  as  obtained  in  Ref.  (1). 
The  notation  follows  that  of  Ref.  (1)  except  that  now 


A-hf) 

'odd 


+ G 


(hj) 

odd 


and 


G 


(h) 

even 


(hr 

even 


+ G 


(h^) 

even 


The  terms  with  arrow  heads  are  new  and  depend  on  the  initial 
orientation  of  the  A spin,  in  Ref.  (1)  we  found 


and 


G 


where  i (Wt)  is  the  modified  Bessel  function.  We  now  find 
n 


/■i,  ^ TT  Wa  \ 2W^  . ^ 


nl 


"odd 


n=o  VW^W|  (2n)l 


and  a similar  but  more  con^licated  expression  for  We  are 

now  in  the  process  of  analyzing  these  formulas.  We  also  are  in 
the  process  of  deriving  the  formulas  for  the  two-  and  three-pulse 
echo  case.  With  these  results  in  hand  we  would  hope  to  be  able 
to  understand  ovir  experimental  results. 

This  project  has  been  terminated  June  30,  1977.  It  will 
continue  with  NSF  funding  alone. 
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V.  PHYSICS  OF  MOLECULES 


A.  MICROWAVE  SPECTROSCOPY  OF  IONS* 

(W.  Nagourney,  P.  Thaddeus) 

We  have  completed  construction  of  a glow  discharge  micro- 
wave  spectrometer  and  are  now  using  it  to  measure  the  spectros- 
copic constants  of  a number  of  interesting  molecular  ions.  We 
have  also  begun  construction  of  a fast  flow  Stark  modulated  free 
radical  spectrometer  and  hope  to  employ  it  in  the  near  future  in 
the  study  of  some  short  lived  free  radicals. 

The  glow  discharge  spectrometer  has  been  described  previously . ^ 
Our  spectrometer  differs  from  others  principally  in  the  use  of  a 
rather  effective  source  modulation  scheme  to  suppress  signals 
(baseline)  arising  from  systemic  variations  in  the  RF  source 
amplitude  with  frequency.  The  scheme  is  implemented  by  applying 
a spectrally  pxare  wideband  frequency  modulation  to  a microwave 
source  at  a modulation  frequency  that  is  greater  than  the  absorp- 
tion linebreadth.  The  desired  absorption  signal  is  obtained  by 
synchronously  detecting  the  output  of  the  microwave  detector  at 
the  n^  harmonic  of  the  modulation  frequency.  It  can  be  shown  that 
the  system  behaves  like  a high  pass  filter  of  order  n which  dis- 
criminates against  baseline  features  that  vary  slowly  with  fre- 
quency. Equivalently,  the  system  produces  a signal  proportional 
to  the  n^  derivativf  with  respect  to  frequency  of  the  baseline. 

By  virtue  of  the  high  modulation  frequency  and  wideband  modulation, 
the  signal  due  to  a molecular  absorption  is  not  significantly 
attenuated  by  the  system;  it  can  be  shown  that,  when  n=7,  the 
absorption  signal  is  about  half  that  of  an  equivalent  Stark  modu- 
lated device . 
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We  have  found  two  drawbacks  in  using  the  system.  The 
first  is  the  fact  that  the  baseline  is  not  completely  suppressed. 
More  iit^ortantly,  the  system  cannot  distinguish  between  a molecular 
absorption  and  the  small  but  sharp  baseline  featiares  that  appear  to 
originate  in  the  microwave  source.  We  have  tested  the  spectro- 
meter on  the  J=7  to  8 transition  (at  91.052  GHz)  of  and 

have  obtained  a signal  to  noise  of  about  5 to  1 with  a one  second 
integration  time.  This  corresponds  to  a minimum  detectable  signal 
(with  a 1 second  integration  time)  of  about  10  cm  . The  princi- 
pal features  of  the  noise  in  the  above  test  appear  to  have  come 
from  the  incornpletely  suppressed  baseline  features  mentioned  cQsove. 
In  general,  however,  the  system  appears  to  be  quite  effective;  if 
the  klystron  amplitude  changed  by  20%  over  the  sweep  (a  typical 
value) , the  system  has  suppressed  this  variation  by  a factor  of 

5 

almost  10  . 

The  second  drawback  is  the  fact  that  the  system  considerably 
distorts  the  molecular  lineshape.  Thus,  a molecular  line  having 
structure  can  not  be  easily  interpreted;  elaborate  curve  fitting 
is  necessary  to  measxare  the  moleculeir  parameters.  While  this  is 
not  too  great  a disadvantage  in  cases  where  the  number  of  com- 
ponents and  their  approximate  positions  are  known,  the  method  will 
not  work  at  all  in  other  situations.  We  have  tested  the  curve 
fitting  on  the  J=0  to  1 triplett  of  HCN  and  have  measured  the 
splitting  with  an  accuracy  of  .3%.  The  problem  of  a completely 
vinknown  line  can  only  be  handled  by  deconvolving  (using  a computer) 
the  instrxunental  line;  we  are  currently  at  work  on  several  promis- 
ing deconvolution  schemes. 


187 


We  have  successfully  observed  the  known  molecular  ion 
lines  due  to  the  lowest  rotational  transitions  of  CO^,  HCO^, 
and  HN2^  . In  all  cases,  we  have  obtained  a signal  to  noise 
of  from  10  to  20  to  1,  with  a 1 second  integration  time.  The 
baseline  features  were  generally  smaller  than  or  comparable  to  the 
random  noise.  We  are  currently  attempting  to  measure  the  quad- 
rupole  hyperfine  splitting  due  to  the  inner  nitrogen  in  HN2^; 
this  quantity  has  so  far  been  obtained  only  from  radioastronomical 
observations. 

We  have  attempted  to  measure  the  lowest  rotational  frequency 

+ ( 3 ) 

of  NO  using  the  optical  measurements  as  the  starting  values  in 

our  search.  We  have  been  unsuccessful  so  far  using  a discharge  in 
NO;  various  other  production  strategies  are  currently  under  consi- 
deration. We  plan  to  measure  the  J=1  to  2 transition  of  HCS^  and 
are  awaiting  the  calculation  of  reasonably  accurate  frequencies  by 
colleagues  at  the  Goddard  Insitute  for  Space  Studies. 

A fast  flowing  Stark  modulated  free  radical  spectrometer  is 
currently  under  construction.  Our  devise  is  similar  to  that  used 
by  Saito, except  for  the  use  of  a throttled  down  diffusion  pump 
instead  of  a large  mechanical  pump.  We  hope  to  measure  the  trans- 
ition frequencies  of  such  radicals  as  C2H  and  C^N  using  this  system. 


*This  research  was  also  supported  by  the  National  Aeronautics 
and  Space  Administration  under  Grant  NGR-33-008-191,  Scope  t. 
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VI.  MACROSCOPIC  QUANTUM  PHYSICS 


A.  QUANTIZED  ROTATION  AND  VISCOSITY  OF  SUPERFLUID  HELIUM* 

(R,  Biskeborn  and  R.  Guernsey) . 

Our  apparatus  for  studying  the  viscosity  temperature  de- 

pendence with  great  precision  along  the  Lambda  line  is  now 
operational.  By  the  end  of  the  current  period,  it  should  have 
provided  the  first  measurements  of  the  viscosity  critical  expo- 
nents as  a function  of  pressvire.  This  may  be  an  iit^jortant  step 

(2) 

in  understanding  the  superfluid  transition.  Sometime  earlier, 

we  obtained  viscosity  exponents  at  saturated  vapor  pressure,  and 

(3 ) 

these  have  recently  been  found  to  fit  a new  model  of  v.he  transi 
tion. 

Our  torsion  pendulum  can  operate  at  frequencies  from  300  to 
6000  Hz.  The  sample  pressure  is  regulated  by  controlling  the 
temperature  of  a room  temperature  ballast  tank  to  + 1(jlK.  Tempera- 
ture resolution  at  the  sample  should  be  0.1|j,K,  and  temperatiare 
control  to  within  1 pK  is  expected.  We  have  developed  a unique 
bridge  circuit  that  allows  the  pendulum  to  run  in  feedback  mode 
(self  resonance)  and  may  increase  the  dauttping  resolution  by  two  orders 
of  magnitude  to  .0001%. 

At  the  highest  frequency,  we  will  have  the  viscous  penetra- 
tion depth  less  than  the  superfluid  "healing  length"  for  TX-T<7nK. 

0\ar  viscosity  measurements,  then,  will  be  the  first  direct  probe  of 
the  boundary  layer  between  a wall  and  the  bulk  liquid. 

*JSEP  support  for  this  project  has  been  phased  out  during 
this  interval  as  directed. 
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(1)  CRL  Proj.  Report  #26,  P.  118  (1976). 

(2)  R.  Biskeborn  and  R.  W.  Guernsey,  Jr.,Phvs.  Rev.  Lett  . 
34,  455  (1975). 

(3)  D.  L.  Goodstein,  Phys.  Rev.,  #1  (1977). 
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B.  OCCUPATION  OF  THE  Hell  SUPERFLUID  STATE. 

(J.  Kaplan,  R.  Guernsey) . 

This  project  was  phased  out  early  in  the  current  period. 

It  culminated  in  the  Ph.D.  thesis  of  Jeremy  M.  Kaplan whose 
abstract  follows. 

This  thesis  is  in  two  parts.  In  part  one  we  present  results 
of  a high  precision  driven  torsion  pendulvim  measurement  of  the 
average  superfluid  fraction  in  a restricted  geometry  within 

_5 

1 milli-Kelvin  of  Our  precision  is  3 x 10  in  superfluid 

fraction,  and  2 micro-Kelvin  in  temperature. 

From  the  difference  between  the  bulk  value  of  superfluid 
fraction  (as  measured  in  second  sound  experiments)  and  our  res- 
tricted geometry  value  at  temperatures  below  T^  - 100  micro- 
Kelvin  we  infer  a healing  length  consistent  with  that  predicted 
by  the  theory  of  Ginzburg  and  Pitaevskii  as  modified  by  Mamladze. 

The  openness  of  our  sample  (49,500A  typical  pore  size)  enables  us 
to  extend  healing  length  measurements  closer  to  T^  than  has  been 
done  before.  The  data  within  100  micro-Kelvin  of  T^  show  evidence 
of  the  increased  entrainment  of  the  superfluid  by  the  porous 
filler  as  the  healing  length  increases. 

In  part  two  we  present  a thermal  modulation  experiment  designed 
to  measure  the  circulation  states  of  the  super fluid. 

The  helium  II  is  contained  in  an  annulus  that  is  fixed  to 
the  bob  of  a high  Q torsion  pendulum.  As  the  temperature  of  the 
sample  is  modulated  at  the  resonant  frequency  of  the  pendul\am, 
momentum  exchange  between  the  superfluid  and  the  bob  drives  the 
pendulum.  The  cunplitude  of  the  pendulum  response  is  proportional 
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to  the  angular  velocity  of  the  superfluid  with  respect  to  the 
container  walls.  The  system  noise  is  low  enough  to  permit 
resolution  of  single  circulation  quanta  of  the  anticipated  size 


When  the  experiment  was  first  attempted,  an  additional,  large, 
unstable  signal,  equivalent  in  magnitude  to  61,000  circulation 
quanta,  con^iletely  masked  the  effect.  Siibsequent  work  has  reduced 
this  unwanted  signal  to  the  equivalent  of  a few  hundred  circula- 
tion quanta. 

Data  on  high  (n  = + 18  and  + 36)  circulation  states  of  the 
superfluid  in  the  presence  of  this  additional  signal  show  strong, 
but  not  conclusive,  evidence  of  the  existence  of  this  effect. 
Instability  in  the  unwanted  signal  prevents  resolution  to  better 
than  a few  quanta. 

(1)  J.  M.  Kaplan,  "Superfluid  Fraction  and  Healing  Length 
in  a Confirmed  Geometry  Near  ; Attempts  to  Observe  the  Super- 
fluid Quantization  Circulation  States."  Ph.D.  Thesis,  Columbia 
University,  1976. 


C.  EXPERIMENTS  ON  THE  NEW  PHASES  OF  LIQUID  ^He. 

(R.  Guernsey) 

JSEP  support  for  the  project  was  discontinued  as  of  July  1, 
1976.  It  has  continued  with  NSF  support. 
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